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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be f ed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


8. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” ‘personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words ‘‘in press.”? It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematica! formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 

6. Tables 

For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 

Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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HENRY DRYSDALE DAKIN 
1880-1952 


H. D. Dakin, a British-born pioneer in biochemistry, long resident in 
the United States, died peacefully in his sleep on February 10, 1952, at 
his home in Scarborough-on-Hudson, New York. With his passing, our 
science has lost a figure whose influence on its development was as benign 
as it was unobtrusive. 

Born in London on March 12, 1880, he spent his youth and early man- 
hood in Leeds, where he studied organic chemistry under Julius B. Cohen. 
After graduating in 1901 he worked in London at the Lister Institute of 
Preventive Medicine (then the Jenner Institute) under S. G. Hedin, who 
inducted him into the field of enzymes. He then embarked on an inde- 
pendent investigation of the mode of action of lipase. This work, briefly 
interrupted by collaboration with Albrecht Kossel in Heidelberg, where a 
study of protamines led to the discovery of arginase, enabled Dakin to 
propound the theory that the primary action of an enzyme consists in its 
labile attachment to the substrate. 

In 1905 he was invited to continue his researches in the private labora- 
tory of Christian A. Herter, founder and benefactor of this Journal, in 
New York. Here he undertook a study of the action of hydrogen peroxide 
on amino acids and other physiologically important organic compounds. 
In the course of these experiments, he noted the production of acetone 
in the oxidative degradation of leucine. This observation led to his well 
known work on the §-oxidation of fatty acids and to the theoretical in- 
terpretation of the results reported a few years previously by Knoop. 
Coincidentally with these investigations, which profoundly influenced bio- 
chemical theory, he carried on extensive studies of the intermediary me- 
tabolism of aromatic amino acids and partially elucidated the nature of 
alcaptonuria. 

After Herter’s death in 1910, Dakin continued, at Mrs. Herter’s request, 
the operation of the laboratory in New York. In conjunction with A. J. 
Wakeman, he observed the presence in liver tissue of an enzyme system 
which effected the dehydrogenation of 6-hydroxybutyric acid to acetoacetic 
acid, and demonstrated the inability of a surviving liver to bring about the 
hydrolysis of urea to ammonia. He also studied the metabolic fate of 
amino acids in general, thereby throwing light on the nature of the chemical 
processes involved in their specific glucogenic and ketogenic functions. 

In 1913 he was joined by Harold W. Dudley, also originally from Leeds, 
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who collaborated with him in the discovery of glyoxalase and its naturally 
occurring inhibitor antiglyoxalase. A sequel to this work was the remark- 
able observation that nitrophenylosazones of glyoxals are produced when 
solutions of a-hydroxy acids and amino acids are incubated with 8-nitro- 
phenylhydrazine. The biochemical significance of this reaction is still 
problematical, although its converse, the metabolic conversion of glyoxals 
to optically active amino acids, was unequivocally demonstrated. 

With Dudley, Dakin extended to proteins his earlier work on the racemi- 
zation of hydantoins by alkali, which had suggested to him that the non- 
terminal amino acids in polypeptides might behave similarly. This proved 
to be the case; when casein was allowed to stand in dilute sodium hydroxide 
until the optical rotation of the solution had reached a constant level, it 
was converted into a product which closely resembled casein in solubility 
but resisted the action of proteolytic enzymes. This was subjected to 
acid hydrolysis and eleven of the resulting amino acids were isolated; of 
these all were optically inactive except alanine, valine, leucine, and proline, 
the first three of which were partially racemic. Gelatin, subjected to the 
same procedures, yielded active alanine, proline, glutamic acid, and lysine, 
a finding which suggested a different distribution of the constituent amino 
acids among the terminal positions of the respective proteins. Some years 
later, in collaboration with (Sir) Henry H. Dale, this technique was applied 
by Dakin to the crystalline albumins of the eggs of hens and ducks. ‘These 
proteins, though practically indistinguishable in amino acid composition, 
were found to differ both in their immunological specificities and in their 
stereochemical responses to the action of alkali. As he used to say, Dale 
and he proved that the hen was not a duck. 

In 1914, Dakin returned to Europe in order to take part in the war 
effort and soon joined Alexis Carrel.at a French military hospital where 
a study of the antiseptic treatment of wounds had been organized. Here 
he promptly developed the buffered hypochlorite known as Dakin’s solu- 
tion and the use of sodium p-toluenesulfochloroamide (chloramine-T). In 
an investigation of the mode of action of these antiseptics, sponsored by 
the British Medical Research Committee, he showed that one mole of 
the oxidant converts amino acids into N-monochloro derivatives which 
decompose into aldehydes, carbon dioxide, and ammonia, whereas two 
moles yield dichloroamino acids which break down into nitriles. 

Dakin further applied the use of chloramine-T to the sterilization of 
drinking water; he also personally installed in the ‘“‘Aquitania,”’ in use as a 
hospital ship during the Gallipoli campaign, a highly effective apparatus 
for the electrolytic production of hypochlorite. 

Before returning to New York after the war, Dakin began the experi- 
mental work on his revolutionary method for the extraction of monoamino 
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monocarboxylic acids from neutralized protein hydrolysates by wet bu- 
tanol. This method enabled him to carry out unprecedentedly complete 
amino acid analyses of two proteins, gelatin and zein. It also resulted in 
the isolation of a new amino acid, hydroxyglutamic acid, from casein. The 
chemical constitution of this product, the existence of which has—possibly 
in consequence of its instability under some conditions—been questioned 
by some workers, has not yet been cleared up; it was converted by reduction 
into glutamic acid, but further study of 6-hydroxyamino acids failed to 
confirm the original supposition that it was a compound of that type. 

During the early twenties, Dakin devoted much of his time to investiga- 
tions of the oxidative catabolism of fatty acids, unsaturated acids, hydroxy 
acids, and amino acids by muscle tissue, liver, and yeast. Present day 
views on the chemical mechanisms involved in the general metabolism of 
these compounds owe much to his observations. In 1926, in collaboration 
with Eleanor B. Newton and Stanley R. Benedict (who from 1920 until 
his death in 1936 was Managing Editor of this Journal) he showed that 
thiasine, which Benedict had recently isolated from blood, was identical 
with ergothioneine. 

Two years later, he and Randolph West, then a young clinician, dis- 
covered an unexpected reaction of amino acids with acetic anhydride in 
pyridine, whereby methyl a-acetaminoalkyl ketones and carbon dioxide 
are formed. They then embarked on a laborious and discouraging attempt 
to isolate the antianemic principle of liver. The chemical fractionation 
was carried out by Dakin, the potency assays by West. At that time the 
biological tests could be made only on human cases of pernicious anemia 
and as liver therapy became more general it became increasingly difficult 
to find untreated subjects. Nevertheless, the two devotedly persisted 
in their search, undismayed by false leads and technical obstacles, up to 
the time of the death of the junior collaborator. Thereafter, Dakin, 
whose health had weakened under the strain, undertook no major projects. 

Dakin was an effective writer. His monograph, ‘‘Oxidations and re- 
ductions in the animal body,” was first published in 1912 and again in 1922, 
as a second edition which soon went out of print. His “Handbook of 
chemical antiseptics,”’ written in collaboration with E. K. Dunham, which 
appeared in 1917, and his article on ‘Physiological oxidations,” published 
in 1921 in the first volume of Physiological Reviews, were highly regarded 
by specialists. 

His work received public recognition in both Europe and America. The 
University of Leeds conferred upon him the Ph.D. in 1907 and the honorary 
LL.D. in 1936; he also was given honorary degrees from Yale University 
and the University of Heidelberg. He was elected to fellowship in the 
Royal Society at the early age of 37, and twenty-five years later was 
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awarded the Davy medal by that body. The Chemists’ Club of New York 
bestowed on him the Conné medal. He was a Chevalier of the French 
Legion of Honor. 

He joined the Chemical Society of London in 1901 and the American 
Society of Biological Chemists in 1906. He was a member of the Editorial 
Board of this Journal from 1911 until 1930, and for a long time had charge 
of its Herter Fund, which derived great benefit from his wise and careful 
management. In later years he served on the Board of Scientific Advisers 
of the Merck Institute for Therapeutic Research and ultimately became a 
Director of Merck and Company, Inc. 

In 1916, Dakin and Mrs. Susan Dows Herter had married. Soon after 
his return to New York at the close of the war, they moved to a large 
house, amply surrounded with beautiful grounds, overlooking the Hudson 
River at Scarborough. There he lived a quiet country life, taking daily 
walks with his beloved Alsatian police dogs and, even after Prohibition, 
annually preparing excellent wines. Most of his time, however, was spent 
in the well equipped laboratory which he had installed in an annex, where 
he worked alone but for an elderly technician. After 1920, even close 
collaborations were carried on in separate laboratories. It is regrettable 
that so few younger colleagues had an opportunity of profiting by daily 
contact with him, for he was by nature an inspiring mentor. 

Though far from a recluse, he shunned the limelight to such a degree 
that he consistently refused to speak in public. This modesty was one 
facet of his selflessness, an example of which, as it is a matter of record, 
may here be cited. In 1926, having investigated the chemical constitu- 
tion of thyroxine, he submitted to this Journal a report of his findings, but, 
on learning that a former collaborator had independently reached a similar 
conclusion, he withdrew the manuscript from the hands of the Editors. 

Another facet was his devotion to his friends, all of whom called him 
“Zyme.” His keen humor, his kind but critical appraisal of men, even 
his ripe judgment in scientific matters, were reserved for his intimates. 
He was one of those fortunate characters whose friendships remain un- 
dimmed by time or distance. 

Dakin was flawlessly happy in his marriage, though his last years were 
saddened by the long illness of his wife, throughout which he tended her 
devotedly. After her death in 1951, he gave the impression of continuing 
in life only from a sense of propriety; his own end came kindly. 
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INHIBITION OF BACTERIAL GLUTAMIC DECARBOXYLASE 
BY HYDROXYLAMINE* 


By EUGENE ROBERTS 


(From the Division of Cancer Research, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, March 17, 1952) 


The mode of action of pyridoxal phosphate as a coenzyme for amino 
acid decarboxylation has not yet been clarified. Carbonyl-trapping re- 
agents such as hydrazine, hydroxylamine, and semicarbazide are effective 
inhibitors of the decarboxylases (1, 2). It is probable that these substances 
act by binding the aldehyde group of pyridoxal phosphate. Codecar- 
boxylase oxime has been synthesized recently by the action of hydroxyl- 
amine on pyridoxal phosphate in an aqueous medium at an acid pH (3). 
The present communication deals with the determination of the mecha- 
nism of the inhibition by hydroxylamine of a bacterial glutamic decar- 
boxylase in an effort to delineate the réle of the aldehyde group of the co- 
enzyme in the decarboxylation process. 


EXPERIMENTAL 


Enzyme Preparation and Measurement of Activity—The source of enzyme 
was an acetone powder of Escherichia coli, strain E26, Iowa State College. 
The bacteria were grown and the powder prepared in the manner previ- 
ously described (4). Measurements of CQO, liberation were made with 
conventional manometric techniques at pH 4.3 with air as the gas phase. 
Prior to use, suitable quantities of the bacterial powder were suspended 
with the aid of a ground glass homogenizer in 0.1 M acetate buffer contain- 
ing 0.005 m cetyltrimethylammonium bromide. The suspension was di- 
luted with the buffer so that 1 ml. contained 1 mg. of the powder. In all 
of the determinations 1 ml. of the enzyme preparation was used in a final 
volume of 2.5 ml. This gave convenient rates of CO:2 evolution for ac- 
curate measurement. In each instance successive readings were taken for 
25 minutes at 2 to 5 minute intervals. The rates usually attained a con- 
stant value for a period between 5 and 20 minutes after the addition of 
substrate. It was shown in several instances that an isomolar formation 
of CO, and y-aminobutyric acid occurred during the course of the reaction. 

The pyridoxal phosphate used in some of the experiments was prepa- 

* This investigation was supported by a research grant from the National Cancer 


Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 
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ration 9R4822 (Merck), stated to contain 50 mg. per ml. in the original 
solution. This was kindly given to us by Dr. Dean F. Davies. 


Results 


Reaction Velocity As Function of Substrate Concentration—The activity 
of the enzyme was measured as a function of the substrate concentration. 
A plot of one of the transformations of Lineweaver and Burk gave a 
Michaelis-Menten constant (Ks) of 2.69 X 10-* mole per liter. 

Rate of Combination of Enzyme with Inhibitor—Prior to the determination 
of the nature of the inhibition by hydroxylamine, it was necessary to deter- 
mine whether the rate of combination of the inhibitor with the enzyme was 


TABLE I 
Effect of Incubation Time on Activity of Enzyme-Inhibitor Mixtures 
In the zero time samples a mixture of substrate and inhibitor was added to the 
enzyme to start the reaction. In the other flasks the enzyme was incubated with the 
inhibitor for the specified times at 38° prior to the addition of substrate. The 
final substrate concentration was 0.03 mM. The enzyme incubated alone at 38° re- 
tained its full activity for 2 hours. The last two experiments were performed at 
different times. 


Fraction of normal activity 


0 min. 63 min. 89 min. 
1.6 X 10°° 0.80 0.82 
3.2 107° 0.67 0.69 
1.6 X 107% 0.25 0.27 
1.6 X Q.24 


slow or rapid. The combination of enzyme and inhibitor was found to be 
rapid (Table I). No greater inhibition was observed when the inhibitor 
and enzyme were allowed to remain in contact for a period of time prior 
to the addition of substrate than when the inhibitor and substrate were 
added simultaneously to the enzyme. 

Reversibility of Inhibition by Hydroxylamine—It was not possible to es- 
tablish the reversibility of the inhibition of the decarboxylase by dialysis, 
since dialysis of mixtures of enzyme and inhibitor against running water 
in the cold room resulted in complete loss of activity. Reactivation did not 
occur upon the addition of pyridoxal phosphate. However, it was possible 
to restore the activity of preparations inhibited by hydroxylamine by 
the addition of an excess of pyridoxal phosphate. The results of a typical 
experiment are shown in Fig. 1. Essentially the same activity was at- 
tained at 8 minutes whether the inhibitor was added immediately after 
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the addition of substrate (Curve B) or whether the inhibitor and enzyme 
had been incubated at 38° for an hour prior to the addition of substrate 
(Curve C). Thus Curve B shows displacement of substrate by inhibitor 
and Curve C displacement of inhibitor by substrate in the reaction. This 
phenomenon also was shown in numerous other experiments not reported 
in detail. Following the addition of pyridoxal phosphate at 14 minutes, 
there was a steady increase in activity in the flasks containing the in- 
hibitor until the activity reached was the same as that found in the control 
flasks. The usual slow decline in activity was noted in the controls even 
after the addition of pyridoxal phosphate. In no instance was activation 
observed by pyridoxal phosphate in the absence of inhibitor. These 


Fic. 1. Reversibility of inhibition by hydroxylamine with pyridoxal phosphate. 
Curve A, control; Curve B, hydroxylamine tipped in immediately after substrate; 
Curve C, inhibitor and enzyme preincubated at 38° for 1 hour prior to the addition 
of substrate. Curves B and C, a final hydroxylamine concentration of 8 x 10~° 
M. The arrows indicate the time of addition of 1 mg. of pyridoxal phosphate. Sub- 
strate concentration in all flasks, 0.03 m. The values for CO, evolution are for 2 
minute readings. 


results establish conclusively that the inhibition by hydroxylamine is com 
pletely reversible. 

Supplementary experiments showed that inhibition could be completely 
prevented by preincubation of the inhibitor with pyridoxal phosphate 
or by the addition of inhibitor to a reaction mixture to which pyridoxal 
phosphate had been added previously. Pyridoxal phosphate probably 
reverses the inhibition by combining with hydroxylamine, thus causing 
the dissociation of the complex formed by the inhibitor with the enzyme- 
bound coenzyme. 

Hydroxylamine Is Competitive Inhibitor of Glutamic Decarboxylase—Proof 
of the competitive nature of the inhibition by hydroxylamine is shown 
in Fig. 2. Plots are shown of the reciprocal of the rate against the 
reciprocal of the substrate concentration for the uninhibited enzyme for 
three concentrations of inhibitor at four levels of substrate. The results 
are those expected for purely competitive inhibition, showing lines of 
diverging slope with the same intercept. 
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Fig. 3 shows the fractional activity as a function of the logio of the in- 
hibitor concentration. The points are experimental values, while the 
solid curve is the theoretical curve obtained from plotting the equation 
I/K, = S/Ks(1 — a/a), the theoretical equation for competitive equilib- 
rium (5), where a is fractional activity, S is substrate concentration, and 
I is inhibitor concentration. Values of 2.69 X 10-* m and 6.02 X 10-* m 
were employed for Ks and K;, respectively. Ky, was estimated by plotting 
the best curve through the experimental points and by finding the in- 


0 6 5 -4 
i/S LOG I 
Fig. 2 3 

Fig. 2. Lineweaver-Burk plots for different concentrations of hydroxylamine at 
various substrate concentrations. Ordinate, the reciprocal of the 5 minute velocity; 
abscissa, the reciprocal of the molar concentration of glutamic acid in the reac- 
tion mixture. Hydroxylamine concentrations, Curve A, none (control); Curve B, 
1.6 X 10-5 m; Curve C, 3.2 X 10-5 m; Curve D, 8 X 1075 M. 

Fic. 3. Relation of enzyme activity to hydroxylamine concentration. Substrate 
concentration, 0.05 m. Ordinate, a, is the fraction of the uninhibited rate in 0.05 m 
glutamic acid; the abscissa is logio of the molar concentration of hydroxylamine. 
@ , experimental values; curve, theoretical for J/K,; = S/Kg(1 — a/a). 


hibitor concentration when a = 0.5 and substituting this value into the 
relationship K; = KsI/S, which holds at this value of a. The small value 
of K, reflects the high degree of affinity of the inhibitor for the enzyme. 
An excellent fit was obtained of the experimental points to the calculated 
curve. From the assumptions made in the derivation of the above equa- 
tion and from the fact that the slope of the curve at a = 0.5 is 0.57 (see 
Goldstein (5)), it can be stated with confidence that 1 molecule of hydroxyl- 
amine combines reversibly with a single active site of the glutamic acid 
decarboxylase. 

Speetrophotometric Evidence for Interaction of Pyridoxal Phosphate with 
Hydroxylamine and Amino Acids—A series of determinations was made 
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under conditions of controlled pH (4.2 to 4.3, 0.05 m acetate buffer) in 
which absorption spectra of 300 y of pyridoxal phosphate in a final vol- 
ume of 5 ml. alone and in the presence of varying concentrations of 
hydroxylamine (1.6 X 10-* to 1.6 X 10-* M) were run. The spectra ob- 
tained in the presence of hydroxylamine were clearly different from those 
calculated from the sums of the extinctions of the hydroxylamine and 
pyridoxal phosphate alone, the differences reaching maximal values at 
the highest concentrations of hydroxylamine. When similar experiments 
were performed with 0.25 m concentrations of L-glutamic acid, p-glutamic 
acid, and pt-alanine, shifts in the spectrum of pyridoxal phosphate were 
also found which strongly suggested that interactions occurred between 
the pyridoxal phosphate and each of the amino acids examined. The 
results with the amino acids must be interpreted with caution, however, 
until compounds of amino acids with pyridoxal phosphate can actually 
be characterized. .The oxime resulting from the interaction of hydroxy]- 
amine and pyridoxal phosphate has recently been prepared (3). 


DISCUSSION 


The foregoing results show unequivocally that hydroxylamine is a com- 
petitive inhibitor of the bacterial glutamic acid decarboxylase. Since 
the most likely point of attack of the inhibitor is the aldehyde group of 
the pyridoxal phosphate, the results indicate that this is also one of the 
points of attachment of the substrate, L-glutamic acid. The most probable 
mode of combination of the amino acid with the aldehyde group would 
be through the a-amino group, probably with the formation of a Schiff 
base. The juxtaposition of the Fisher-Hirschfelder models of pyridoxal 
phosphate and glutamic acid (or any a-amino acid) revealed the fact 
that when the a-amino group of the amino acid lies in close proximity to 
the aldehyde group of the coenzyme the a-carboxyl group can approach 
closely to the phosphate group of the pyridoxal phosphate. Although 
the phosphate group may serve to link the coenzyme to the apoenzyme (6), 
this would not preclude an effect of the phosphate group on a neighboring 
carboxyl group. Attention is being given to the possible réle of the phos- 
phate group in the decarboxylation reaction. 


SUMMARY 


1. A study has been made of the nature of the inhibition by hydroxyl- 
amine of an L-glutamic acid decarboxylase of Escherichia coli having a 
Michaelis-Menten constant of 2.69 X 10-* mole per liter. 

2. Hydroxylamine has been shown to be a reversible, competitive in- 
hibitor of this enzyme with a high affinity for an active center of the enzyme 
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(K, = 6.02 X 10-*M). Inhibition could be relieved completely by the 
addition of excess pyridoxal phosphate to a reaction mixture. 

3, The evidence suggested that hydroxylamine competes with the a- 
amino group of L-glutamic acid for the aldehyde group of pyridoxal phos- 
phate, codecarboxylase. An examination of molecular models also sug- 
gested the possibility of an interaction between the a-carboxyl group of 
the substrate and the phosphate group of the coenzyme. 
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PHOSPHORYLATION COUPLED TO PHOTOCHEMICAL 
REDUCTION OF PYRIDINE NUCLEOTIDES BY 
CHLOROPLAST PREPARATIONS* 


By WOLF VISHNIACT SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, April 28, 1952) 


Green particles derived from spinach chloroplasts carry out a photo- 
chemical reduction of DPN! and TPN (1). In the presence of pyridine 
nucleotides and the appropriate enzymes illuminated chloroplast prep- 
arations bring about the synthesis of malate or isocitrate from carbon 
dioxide and pyruvate or a-ketoglutarate, the reduction of pyruvate, oxal- 
acetate, and fumarate to lactate, malate, and succinate, the reductive 
amination of a-ketoglutarate to glutamate, and the reduction of 1,3- 
diphosphoglycerate to 3-phosphoglyceraldehyde. ‘These reactions may 
participate in photosynthesis. Certain intermediate steps in photosyn- 
thesis require phosphate bond energy. Thus 3-phosphoglycerate must 
be converted to 1,3-diphosphoglycerate by reaction with ATP before it 
can be reduced to triosephosphate. The question therefore arises how 
energy-rich phosphate bonds are generated in photosynthesis. Ruben (2) 
had previously postulated the participation of high energy phosphate 
bonds in photosynthesis. He suggested that the oxidation of an inter- 
mediate product of photosynthesis was coupled to the formation of ATP. 
Several investigators, particularly Gest and Kamen (3) and Wassink et al. 
(4), have shown a correlation between photosynthesis and an increased 
uptake of inorganic phosphate. Recently Kandler (5) has followed con- 
tinuously the changes in content of inorganic phosphate in Chlorella cells. 
He found a decrease in inorganic phosphate upon illumination, and a rise 
when the Chlorella suspension was returned to darkness. 

In a previous paper (1) the photosynthetic origin of ATP was envisaged 
as a combination of the photochemical reduction of DPN (Reaction 1) 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Research 
Council), the Office of Naval Research, and the Rockefeller Foundation. 

t Fellow of the National Institutes of Health, United States Public Health Serv- 
ice. Present address, Department of Microbiology, Yale University, New Haven, 
Connecticut. 

' The following abbreviations are used: DPN and DPNHg, oxidized and reduced 
diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; ATP, ade- 
nosinetriphosphate; ADP, adenosinediphosphate. 
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and an oxidative phosphorylation (Reaction 2) of the type observed by 
Lehninger (6). The net result (Reaction 3) would be the conversion of 
radiant energy to phosphate bond energy. 


Light 


(1) H.0 + DPN DPNH, + 40; 
(2) DPNH; + 302 + 3ADP + 3P0," > DPN + H:0 + 3ATP 
(3) 3ADP + 3P0," 


In this paper evidence is presented that ATP incubated in the light with 
spinach grana, mitochondrial preparations, DPN, and radiophosphate? 
becomes radioactive. The experiments described below, particularly 
those with plant mitochondria, indicate that the incorporation of P® 
into ATP is dependent on light, oxygen, and DPN. No incorporation of 
P*? takes place in the absence of particles capable of carrying out oxidative 
phosphorylation. It is suggested that in photosynthesis energy-rich phos- 
phate bonds are generated by the mechanism outlined above. 
Phosphorylation with Rat Liver Mitochondria—When rat liver mito- 
chondria, prepared according to Lehninger (6), were incubated with spin- 
ach grana, prepared as described before (1), ATP, DPN, and radiophos- 
phate, the radioactivity incorporated into ATP increased about 3-fold 
upon illumination (Table I). In Experiments 2, 3, and 6 the two terminal 
phosphate groups of ATP were transferred to glucose by subsequent in- 
cubation with hexokinase and myokinase, and the glucose-6-phosphate 
was analyzed. In Experiment 3 this reaction was carried out without 
first measuring the radioactivity of the ATP. The best ratio that was 
observed between phosphate exchange in the light and in the dark was 5:1 
(Experiment 5). Despite extensive washing, dialysis, and the presence 
of iodoacetate, all rat liver preparations incorporated significant amounts 
of radiophosphorus into ATP in the dark. No radioactivity was detected 
in ATP in the absence of mitochondria. ATP and glucose-6-phosphate 
were analyzed as described under ‘‘Methods and preparations.” 
Phosphorylation with Mung Bean Mitochondria—Recently Millerd et al. 
(7) have shown that mitochondrial preparations from mung bean seedlings 
(Phaseolus aureus) can carry out an oxidative phosphorylation similar to 
that brought about by animal mitochondria. Although the possibility 
of photosynthetic phosphorylation via Reaction 3 was demonstrated in 
principle by the use of rat liver mitochondria, it seemed desirable to re- 
peat the experiments with plant material. When washed and dialyzed 
mung bean mitochondria, prepared according to Millerd et al. (7), were 
incubated with spinach grana, DPN, ATP, and radiophosphate, the radio- 


* Radiophosphoric acid (H;P**O,) was obtained from the Isotopes Division, United 
States Atomic Energy Commission, Oak Ridge, Tennessee. 
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TaBLeE 
Photochemical Phosphorylation with Rat Liver Mitochondria 


The reaction mixture contained grana equivalent to 1.0 mg. of chlorophyll, di- 
alyzed rat liver mitochondria equivalent to 0.5 gm. of fresh tissue, and the following 
components in micromoles: potassium phosphate buffer, pH 7.0, 100 (including 
amounts of KzHP#*0, indicated below); KCl, 130; DPN, 0.07; cytochrome c, 0.3; 
ATP, 5.0; MgCle, 3.0; and iodoacetate, 2.8. Final volume, 2.8 cc.; temperature, 10°. 
The reaction was started by tipping ATP and DPN from one side arm and turning 
on the light and terminated after 20 minutes by tipping 600 um of trichloroacetic acid 
from the other side arm. ATP and glucose-6-phosphate derived from it were ana- 
lyzed as described in ‘‘Methods and preparations.’’ Total radioactivity is ex- 
pressed in counts per minute per 2.8 cc. of reaction mixture, and specific activity in 
counts per minute per micromole. 


P® recovered* 
pst added*® Substance analyzed Light Dark 
Total Specific Total Specific 
1 390 , 000 ATP 1500 430 700 200 
2 59 ,000 “2 2000 610 760 220 
Glucose-6-phosphate 2100 810 
3 20 ,000 - 190 11 52 a 
4 2,800 ATP 22 1.7 16 1.1 
5 11,000 = 4.5 0.48 0.84 0.094 
6 | 350,000“ 1700 | 370 
| _Glucose-6-phosphate 930 99 210 22 


* The values are to be multiplied by 10% to obtain counts per minute. 


TaBLeE II 
Photochemical Phosphorylation with Mung Bean Mitochondria 


The complete system was similar to the reaction mixture described in Table I, 
except for the following components: dialyzed mung bean mitochondria equivalent 
to 5.0 gm. of fresh tissue and added P*, 1.8 XK 107 c.p.m. The anaerobic control 
vessel contained chromous chloride in the center well and was repeatedly evacuated 


P#2 recovered in ATP, c.p.m. 


Experiment 3 


Experiment 1 | Experiment 2 | 
Total Specific | Total Specific | Total Specific 
Complete 40,800 , 3490 | 9400 870 | 8600 £1800 
Without oxygen............... 2,700 252 


and refilled with purified nitrogen. Reaction time, 30 minutes. 
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activity incorporated into ATP increased from 6- to 30-fold upon illumi- 
nation (Table II). The strict dependence of the phosphate exchange on 
the presence of oxygen (Experiment 1) indicates the participation of an 
oxidative reaction. Although the plant mitochondria cannot be freed 
entirely of DPN by dialysis (7), the omission of DPN from the reaction 
mixture halved the rate of phosphate exchange. 


DISCUSSION 


The photochemical transfer of hydrogen from water to TPN, DPN, and 
possibly other coenzymes, mediated by as yet unknown mechanisms, sec- 
ondarily drives a variety of biochemical reductions (1). The finding of 
Millerd e¢ al. (7) that mitochondrial preparations from plant cells can 
bring about aerobic phosphorylation in the same manner as mitochondria 
from animal cells strengthens the view that the generation of phosphate 
bonds in photosynthesis may occur through the oxidation by molecular 
oxygen of photochemically reduced pyridine nucleotides, as in the experi- 
ments reported in this paper. This view would be in accord with the 
recent findings of Warburg and his collaborators (8-10), indicating that 
photosynthesis is driven not only by radiant energy but also by the aerobic 
oxidation of some of the photochemically generated material. Warburg 
(11) has discussed the possibility that the energy released during the oxi- 
dative phase may be made available to the photosynthetic phase proper 
as the phosphate bond energy of ATP. Warburg’s report (11) that photo- 
synthesis in Chlorella cells does not occur when oxygen is rigorously ex- 
cluded might be interpreted in the sense that intermediary steps in photo- 
synthesis require energy-rich phosphate bonds, and that the latter can be 
generated only by oxidation, z.e. chemosynthetically. 


Methods and Preparations 


All experiments were carried out at 10° in an illuminated Warburg 
bath as previously described (1). 


Analytical Methods—Experiments were terminated by the addition of | 
trichloroacetic acid to the reaction mixture. After the addition of 5.0 | 


or 10 um of carrier ATP, the ATP was separated according to Kalckar 
(12). The neutralized ATP solution was then placed on a Dowex 1 col- 
umn and chromatographed according to Cohn and Carter (13). Small 
aliquots of the eluted fractions were used to determine radioactivity with 
a flow type gas counter. The ATP concentration in each fraction was 
determined by measuring the optical density at 260 mu. In some experi- 
ments the ATP was reprecipitated and allowed to react with glucose in 
the presence of hexokinase and myokinase according to Kornberg and 


Pricer (14). Their procedure was also followed in the chromatography — 
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of the resultant glucose-6-phosphate, its enzymatic analysis with glucose- 
§-phosphate dehydrogenase, and the counting of the samples. In one 
experiment glucose-6-phosphate was further identified by determining the 
first order velocity constant of acid hydrolysis under the conditions spec- 
ified by Lohmann (15). The value found (1.5 & 10~*) agrees with the 
one reported by Lohmann. 

Enzyme Preparations—Hexokinase (Fraction 5) was prepared according 
to Berger et al. (16). Myokinase, prepared according to Colowick and 
Kalckar (17), was kindly supplied by Dr. S. Ratner. Glucose-6-phos- 
phate dehydrogenase, kindly supplied by Dr. G. de la Haba, was prepared 
according to Kornberg (18). 


SUMMARY 


The photochemical reduction of diphosphopyridine nucleotide by spin- 
ach grana has been coupled to oxidative phosphorylation by mitochondrial 
preparations. When spinach grana, diphosphopyridine nucleotide, adeno- 
sinetriphosphate, and inorganic radiophosphate are incubated in the light, 
the adenosinetriphosphate becomes radioactive. This incorporation of 
radiophosphate into adenosinetriphosphate can be shown to be dependent 
on light, oxygen, and diphosphopyridine nucleotide. Both animal (rat) 
and plant (mung bean) mitochondria were used. It is suggested that in 
photosynthesis high energy phosphate bonds are formed by the oxidation 
of photochemically reduced DPN. 


Addendum—A paper by Holzer (19) has recently come to our attention. The 
author has used concentrations of 2,4-dinitrophenol which do not inhibit oxygen 
consumption by Chlorella in the dark but completely inhibit photosynthesis. He 
concludes that photosynthesis is inhibited because dinitrophenol uncouples oxidative 
phosphorylation, and that phosphorylation is an essential part of photosynthesis. 
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ENZYMATIC SUSCEPTIBILITY OF CORRESPONDING 
CHLOROACETYL- AND GLYCYL-Lt-AMINO ACIDS 


By KRISHNARAU R. RAO,* SANFORD M. BIRNBAUM, REMBERT B. 
KINGSLEY, anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, May 6, 1952) 


The enzymatic susceptibility to hog kidney preparations of a large 
series of chloroacetylated amino acids was shown to vary considerably 
with the nature of the amino acid residues (1). All the compounds studied 
were hydrolyzed at different initial rates by hog kidney homogenates. 
With a concentrated fraction from the homogenate (acylase I), these 
rates were considerably increased, with one exception. The exception 
was chloroacetyl-L-aspartic acid, which was little affected by acylase I, 
but which was hydrolyzed at an increased rate by still another fraction 
of the hog kidney (acylase IT). 

A natural extension of these studies was to determine the relative sus- 
ceptibility of the corresponding glycyl-t-amino acids to these enzyme 
preparations. A number of chloroacetyl-L-amino acids were therefore 
prepared and aminated to the corresponding glycyl-L-amino acids, and 
their initial hydrolytic rates by the hog kidney preparations were deter- 
mined. 


EXPERIMENTAL 


Substrates—L-Amino acids obtained by resolution of the corresponding 
racemic amino acids (1), which were more than 99.9 per cent optically 
pure (1-3), were chloroacetylated with either chloroacetyl chloride or chlo- 
roacetic anhydride (1).!_ The products were recrystallized several times 
from either acetone or water, and their physical characteristics are re- 
ported in Table I. The melting point for chloroacetyl-L-asparagine is 
considerably higher than that reported (5) (cf. (6)). The sign of rotation 
of chloroacetyl-L-tryptophan in ethanol solution is plus, not minus as 


* Fellow of the Rockefeller Foundation, on leave from the Biochemistry De- 
partment, Andhra Medical College, Vizagapatam, India. 

1In place of chloroacetyl-pL-norvaline used before (4), acetyl-pL-norvaline (m.p. 
115°, N calculated 8.8, found 8.8 per cent) was employed for the resolution of the 
amino acid. The rate of hydrolysis of the acetyl derivative was 250 um per hour 
per mg. of N with aqueous homogenate of hog kidney (cf. (1)) and 9800 with acylase 
I. Ks yields and properties of the enantiomorphs were the same as those reported 
earlier (4). 
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reported by Abderhalden and Kempe (7) (ef. (1)). Otherwise, the physical 
constants of the compounds reported in Table I closely check with the 


values given in the literature (cf. (8)). 


Amino acid 


a-Aminobutyriec acid. 


Norleucine....... 
Isoleucine............ 
Alloisoleucine........ 
Methionine.......... 


Phenylalanine........ 
Tyrosine............. 
Tryptophan.......... 
Glutamic acid........ 
Asparagine........... 
Lysine (a)ff......... 


TABLE 


Physical Constants of Substrates* 


Chloroacetyl-L-amino acids 


M.p. [al | found 


degrees degrees _ per cent | per cent | 


93 


100 


—45.4¢ 8.5 


—31.5t 7.8) 7.8 | 
+15.0¢ | 7.2; 7.2) 
—25.8t| 7.2! 
—15.8t 6.7) 6.7. 
-17.0t 6.7 6.7 
+24.0$ 6.7 6.6. 
+25.0f | 6.7 6.7 
—19.7¢ 6.2) 6.2 
+5.5§|| 7.0§ 7.08 
7.2| 7.2 
+50.4t 5.8 5.8 
+59.0f 5.4, 5.4 
+32.0t 10.0 9.8 
—14.4¢ 6.3) 6.3 
+4.0] 6.7) 6.7 
| 13.4 | 13.1 
| 92) 9.2 


Glycyl-:-amino acids 


la}p weight | lated 


Compounds not hitherto described 


degrees per cent per cent 


—51.0t 146.1 | 19.2 
—31.0¢ 160.1 17.5. 


—19.9t 174.2 | 16.1. 
—27.5¢ 174.2 | 16.1 | 
—36.3t 188.2 | 
—16.0¢ 188.2 | 
—14.1¢ 188.2 | 14.9 

—5.2¢ 188.2 14.9. 
—10.2t 206.2 | 13.5 

—7.2¢ 162.1 | 17.3 

—16.2¢ 176.1 15.9. 
+41.5¢ 222.2 | 12.6. 
+44.09 | 238.2 11.7. 
+34.3**, 261.2 16.1 
—6.8|) 204.2) 13.7, 
4+12.5¢ 190.2 14.7. 
—7.0]| | 189.2 22.2. 
—10.0|| | 301.2tf 13.9 

132.0 21.2 


19.2 
17.5 
15.8 
15.9 
14.9 
14.9 


“13.5 


* All melting points are corrected; optical rotation measurements at 25° with 


2 dm. tube. 


12 per cent in water. 
~ 2 per cent in absolute ethanol. 
§ As the monohydrate. 
|| 5 per cent in water. 
{1 per cent in water. 
** 2 per cent in 5 N HCl. 


tt As the sulfate. 


are chloroacetyl-L-serine, chloroacetyl-L-threonine, chloroacety]-L-amino- 
butyric acid, chloroacetyl-L-norvaline, and chloroacetyl-L-norleucine. 
The physical properties of chloroacetyl-L-serine appeared to be some- 
what unusual, and hence the preparation of this compound is described 
in detail. 0.1 mole of L-serine dissolved in 25 cc. of chilled 4 N NaOH was — 
treated in the usual fashion with 0.15 mole of chloroacetyl chloride and _ 
38 cc. of 4 N NaOH. At the end of the reaction, the acidified mixture | 


ai 


Norvaline............/ 104 
133 
76 
| 74 
| 106 
| 98 
Gerime...............| & | 
125 12.6 | 
155 11.7 
| 158 15.8 
142 13.6 
| 144 14.6 
165 1.8 
| 13.3 
21.0 | 
| 
f 
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(pH 1.7) was extracted several times with ethyl acetate, the combined 
extracts dried over anhydrous sodium sulfate, and the filtrate evaporated 
at low temperature to dryness. The syrupy residue was washed several 
times with petroleum ether, and then taken up in a small amount of ethyl. 
acetate. On chilling to —15°, chloroacetyl-L-serine appeared as large, 
prismatic crystals. They were transferred to a filter with dry ether, 
washed with ether, and recrystallized from a little warm ethyl acetate. 
The yield of pure white, air-dried crystals was 40 per cent of the theory. 
(al, for a 5 per cent solution in water at 25° = +5.5°. The melting point 
of 58° was unusually low. On further heating to 110°, the melt boiled out 
of the capillary tube. Analytical figures on the air-dried crystals revealed 
the presence of 1 molecule of water of crystallization. Found C 30.2, 
H.5.1, N 7.0; calculated for 1 molecule of crystal water C 30.1, H 5.0, N 
7.0 per cent. The calculated amount of crystal water is 9.0 per cent. 
When the compound was dried at 0.1 mm. of Hg over P.O; at 26°, it melted 
to.a transparent glass and lost close to 6.0 per cent in weight. When 
the. drying temperature was raised to 56°, the remainder of the crystal 
water was driven off, and the maximal loss in weight was 9.1 per cent. 
Attempts to bring the glassy, anhydrous residue of chloroacetyl-L-serine to 
crystallization by the use of dry, non-aqueous solvents were unsuccessful. 
It would appear that the crystalline structure of the compound was de- 
pendent upon the presence of crystal water. To check these observations, 
the enantiomorph was prepared. 

Chloroacetyl-p-serine was isolated in 50 per cent yield from the resolu- 
tion mixture of chloroacetyl-pL-serine and acylase I by the general pro- 
cedure described (1). The compound separated in large prismatic crystals 
from ethyl acetate solution kept at —15°. The melting point of the air- 
dried crystals was 58°, and [a], for a 5 per cent solution in water at 25° = 
-5.8°. Found C 30.1, H 5.1, N 7.1 per cent.2, The compound behaved 
exactly like its enantiomorph on drying and lost a maximum of 9.0 per cent 
in weight at 56° in vacuo. Again, the glassy residue could not be brought 
to crystallization. 100 mg. each of the hydrated, crystalline chloroacetyl- 
L-serine and chloroacetyl-p-serine were mixed and dissolved in acetone. 
After removal of the solvent, the residual oil quickly crystallized when 
treated with a little dry ether. The crystals of chloroacetyl-pL-serine 
80 prepared were dried at 56° in vacuo for several hours without any ap- 
parent change in crystal form, and without any appreciable change in 
weight. The melting point was 125°; N calculated 7.7, found 7.7 per cent. 
A melting point of 123° has been reported for chloroacetyl-pL-serine ob- 
tained by the chloroacetylation of pi-serine (1, 9). 

Chloroacetyl-p-threonine was likewise isolated in 50 per cent yield from 


* This compound was practically completely inert toward acylase I (cf. (1)). 
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the resolution mixture of chloroacetyl-pi-threonine with acylase I (1), 
It was recrystallized from acetone-ether. M.p.111°. [a], for a 5 per cent 
solution in water at 25° = —7.4°.2, N calculated 7.2, found 7.2. The 
pL-threonine employed for the resolution was obtained from Winthrop- 
Stearns. 

In the same fashion, chloroacetyl-p-isoleucine was obtained; m.p. 74°, 
[a], for a 2 per cent solution in ethanol at 25° = —24.1°, N calculated 
6.7, found 6.7. 

The various chloroacetylated amino acids listed in Table I were each 
dissolved in 20 times their weight of 25 per cent ammonia water, and, 
after 72 hours standing at 26°, the glycylated amino acids were isolate: 
in the usual manner and crystallized several times from either water or 
alcohol-water mixtures.2 All compounds were completely free of am- 
monia. The characteristics of the compounds are listed in Table I. Ex- 
cept where noted, the characteristics of the known peptides agree well with 
those in the literature (cf. (8)). The [a], for glycyl-L-tryptophan is con- 
siderably higher than that reported by Abderhalden and Kempe (7). 
Glycy]-t-isoleucine and glycyl-1-alloisoleucine were donated by Dr. Alton 
Meister (10), and t-alanylglycine and t-alanyl-t-alanine by Dr. Erwin 
Brand. 

Three of the glycyl peptides, namely those of glutamic acid, tyrosine, 
and lysine, merit additional description. Glycyl-L-glutamic acid was pre- 
pared by Fischer, Kropp, and Stahlschmidt (11) as an amorphous, 
hygroscopic material, and, in consequence, no analyses were given. We 
have obtained the peptide as a crystalline, stable product by taking care 
to remove the last traces of ammonia at the conclusion of the reaction of 
chloroacetyl-L-glutamic acid with excess ammonia water. To achieve t's 
purpose, it was necessary to add an excess of baryta and to evaporate 
the reaction mixture in vacuo nearly to dryness, and to check the residue 
for complete loss of ammonia with Nessler’s reagent. After quantitative 
removal of the baryta with sulfuric acid, no difficulty was encountered on 
crystallizing the glycyl-L-glutamic acid in the form of large, flat prisms from 
concentrated aqueous solution by addition of absolute alcohol. Calculated 
C 41.2, H 5.9, N 13.7; found C 41.2, H 6.0, N 13.6 per cent. Glycyl-t- 
tyrosine was prepared by Fischer (12) as an amorphous compound de- 
composing at 165°. Simmonds, Tatum, and Fruton (13) prepared the 
crystalline peptide by the carbobenzoxy procedure. Crystalline glycyl-1- 
tyrosine can be prepared by the Fischer method if, instead of heating the 
reaction mixture of chloroacetyl-L-tyrosine with ammonia to 100° as 


?The amination mixture of chloroacetyl-L-tryptophan was kept at 38° (7). All 
the glycyl-L-amino acids were dried at 100° in vacuo over P.O; before analy- 
sis. Glycyl-L-tryptophan was further dried at 140° (7). 
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described (12), it is allowed to stand in ammoniacal solution at 26° for 
several days. The crystalline peptide neither melts nor decomposes when 
heated as high as 210°. Calculated C 55.5, H 5.9, N 11.7; found C 55.5, 
H 5.7, N 11.7 per cent. 

a-Glycyl-L-lysine-H:SO,, which is a new compound, was prepared as 
follows: e-Carbobenzoxy-t-lysine (14) was chloroacetylated in cold sodium 
hydroxide solution with chloroacety] chloride, and the product, after acidi- 
fication, was a non-crystallizable oil.4 Traces of ¢-carbobenzoxy-t-ly- 
sine were removed by washing the ethyl acetate solution of the oil with 
dilute HCl. The solvent was removed, and the residual syrup dissolved 
in 20 times its weight of 25 per cent ammonia water. After standing for 3 
days at 26°, the slightly yellow mixture was filtered from a small amount of 
flocculent material, and the filtrate evaporated in vacuo to remove am- 
monia. During the evaporation a heavy precipitate of crystalline a- 
glycyl-e-carbobenzoxy-L-lysine appeared. It was filtered at the pump, 
- washed with cold water, and recrystallized in the form of long, fine needles 
from a large amount of hot water. The product amounted to 25 per cent 
of the theoretical, based upon the amount of «¢-carbobenzoxy-t-lysine 
taken. Calculated C 57.0, H 6.8, N 12.5; found C 57.1, H 6.9, N 12.5 
per cent. The compound was dissolved in an excess of dilute sulfuric 
acid, and the solution shaken with palladium and hydrogen. The filtrate 
from the catalyst was evaporated in vacuo to a low bulk, and the glycyl-t- 
lysine sulfate precipitated by addition of alcohol as a thick, colorless syrup. 
Repeated solution in water and reprecipitation with alcohol led finally to a 
white, crystalline compound (small needles). The yield was nearly quanti- 
tative. The compound was dried over P2O; at 0.1 mm. of Hg and at 56° 
‘fr several hours, and then the drying temperature was raised to 78°. 
M.p. 147° with decomposition. Calculated for glycyl-.t-lysine with 1 
molecule of sulfuric acid, C 31.9, H 6.3, N 13.9, SO,-S 10.6; found C 31.9, 
H 6.5, N 13.3, SO,-S 10.4 per cent. 

Analytical data (in per cent) on other new peptides are as follows: glycyl- 
L-serine, calculated C 37.0, H 6.2, N 17.3; found C 37.0, H 6.0, N 17.3; 
glycyl-L-threonine, calculated C 40.9, H 6.8, N 15.9; found C 40.4, H 6.9, 
N 15.9; glycyl-t-aminobutyric acid, calculated C 45.0, H 7.5, N 17.5; 
found C 44.7, H 7.6, N 17.4; glycyl-t-norvaline, calculated C 48.3, H 8.1, 
N 16.1; found C 48.3, H 8.2, N 15.9; glycyl-t-norleucine, calculated C 
51.1, H 8.5, N 14.9; found C 50.9, H 8.6, N 14.9. 

_ Five new p-peptides were prepared by amination of the respective 
chloroacetyl-p-amino acids, namely glycyl-p-serine, found C 37.0, H 6.3, 
N 17.3, [a], for a 5 per cent solution in water at 25° = +9.2°; glycyl-p- 


‘ The corresponding a-chloroacetyl-e-carbobenzoxy-p.L-lysine can be readily crys- 
tallized from acetone (4). 
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threonine, found C 40.9, H 6.7, N 15.6, [a], for a 2 per cent solution in 
water at 25° = +16.0°; glycyl-p-aspartic acid, calculated C 37.9, H 5.3, 
N 14.7; found C 37.8, H 5.2, N 14.7, [a], for a 2 per cent solution in water 
at 25° = —12.5°; glycyl-p-isoleucine, found N 14.9, [a], for a 2 per cent 
solution in water at 25° = +14.0°; glycyl-p-valine, found N 16.0, [al], 
for a 2 per cent solution in water at 25° = +20.0°. Each compound was 
crystallized several times from alcohol-water mixtures. The yields in all 
cases were close to 60 per cent of the theoretical. 

The N-formyl, N-propionyl, and N-dl-chloropropionyl derivatives of 
alanine and of glycine (15), a,8-diacetyl-pL-diaminopropionic acid (16), 
and the various glycyl-pL-amino acids have been described. Glycyl-p.- 
methionine, N calculated 13.5, found 13.5 per cent, was prepared by the 
amination of chloroacetyl-pL-methionine (1) and was recrystallized three 
times from water-alcohol mixtures. 

Enzyme Measurements—The preparation of acylases I and II from 
homogenates of hog kidney has been given (1). The optically active 
substrates were made up in 0.025 m solution and neutralized with dilute 
NaOH to pH 7.0. 1 cc. of the substrate solution was mixed with 1 ce. of 
0.1 m phosphate buffer at pH 7.0 and 1 cc. of enzyme solution in water. 
The temperature of digestion was 38°. Blanks of the enzyme and sub- 
strate solutions were negligible. The reported reaction rates were based 
on hydrolysis values of 10 to 30 per cent. Hydrolysis was followed by the 
Van Slyke manometric procedure with ninhydrin. As independent proof 
that the hydrolysis of a peptide bond was actually measured by the analyti- 
cal procedure is the use of acylases I and II for the preparation of optically 
pure amino acids in good yield (1). Since aspartic acid yields 2 moles of 
carbon dioxide with ninhydrin, and asparagine only 1, it was necessary to 
determine whether the asparagine hydrolyzed from chloroacetyl-L-aspar- 
agine and glycyl-L-asparagine was further hydrolyzed by asparaginase 
which might be present in the enzyme sources. Ammonia determinations, 
on digests run parallel with those on which ninhydrin reactions were per- 
formed, were completely negative, thus ruling out any appreciable aspara- 
ginase activity during the relatively short incubation period employed. 
The rates are described in terms of micromoles of substrate hydrolyzed per 
hour per mg. of protein N. 

The hog kidneys employed for these studies were obtained freshly frozen 
from a Baltimore slaughter-house during a 5 month winter period and 
were stored in a deep freeze for 2 to 3 week periods. With different batches 
of kidneys, the reproducibility of the enzymatic rates with homogenates 
was generally within 20 per cent for the same substrate; with acylase I the 
reproducibility was generally within 10 per cent. 
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Results 


N-Acylated Amino Acids with Homogenates and Acylase 1—-Reference to 
Table II shows that the rates of hydrolysis of the series of chloroacetyl- 


TaBLe II 
Initial Hydrolytic Rates with Hog Kidney Preparations* 
Rates of meer ~ “9 | derivatives: Rates of glycy! derivatives with | Ratio, 
chloroacety! 


acid 


genate | genate 
4) (@) | @) | (4) 6) | ©) | (7) (8) 

440 «14,800 1090 645 0.6 
a-Aminobutyric | | | | 

acid............. 975 33,600 34 2380 | 2,960 1.2 12 
Valine............ 140 | 4,970 35 2720; 380 0.1 13 
Norvaline........ 1200 40,500 33 2850 | 6,930 2.4 6 
Leucine... 630 16,500 27 2690 | 1,040 0.4 16 
Isoleucine... .... 36 1,010 28 2630 132, (0.05 8 
Alloisoleucine . . 29 950 33 2740 88 1] 
Norleucine ...... 30,400 36 3340 5,600 6 
Methionine...... 2600 88,000 34 3180 15,000 4.7 6 
Serine......... .. 455 11,600 26 620 505. 0.8 23 
Threonine........ 38 720 19 1370 91, «0.07 8 
Aspartic acid... .. 4 0.1 45 
Asparagine....... | §8 129 16 1120 540.05 3 
Glutamic acid.... 480 12,700 27 310} 490 1.6 26 
Phenylalanine.... 30 460 2180 1060.05 4 
Tyrosine......... 33, 3 450 48 0.1 0.7 
Tryptophan...... | 38 12 + 1530 122 0.08 0.1 
Lysinet.......... 178 | 232 1.3 
Glycine§......... | 54 2,640 48 110 88 0.8 30 


* In terms of micromoles of substrate hydrolyzed at 38° per hour per mg. of pro- 
tein N. All digests conducted in phosphate buffer at pH 7.0 and final concentra- 
tion of 0.03 m. 

t a derivative; the e-amino group is free. 

{Substrate in form of syrup; thus not measurable. However, crystalline a- 
chloroacetyl-pL-lysine (4) is practically unaffected by acylase I (3). 

§ Obviously not an L-amino acid, but included because of its natural occurrence. 


amino acids vary considerably with the nature of the amino acid residue. 
With three exceptions, which will be discussed below, these rates are uni- 
formly increased some 30-fold when acylase I is employed (Column 4, 
Table II). This same increase in rate for each substrate on passing from 
the homogenate as the enzyme source to acylase I holds also for other 
chloroacetyl-L-amino acids (1). The increase in such rates (in micromoles 
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of substrate hydrolyzed per hour per mg. of protein N) for the chloro- 
acetyl derivatives of the following amino acids is as follows: a-aminoheptylic 
acid 38, a-aminocaprylic acid 28, a-amino-8-cyclohexylpropionic acid 19, 
a-amino--cyclohexylbutyric acid 19, a-aminocyclohexylacetic acid 33, 
a-aminophenylacetic acid 27, lysine (a,e-dichloroacety! derivative) 24, and 
ornithine (a,6-dichloroacetyl derivative) 22. That this increase is inde- 
pendent of the nature of the N-acyl radical is shown by the values for 
the N-acetyl derivatives (1) of glycine 23, alanine 25, a-aminobutyric acid 
33,° valine 30, norvaline 38,' leucine 33, norleucine 55, isoleucine 3], 
alloisoleucine 25, S-benzylcysteine 33, methionine 39, ethionine 28, gluta- 
mie acid 25, histidine 30, arginine 45, and a,@-diaminopropionic acid 
(a,B-diacetyl derivative) 37;° for the carbobenzoxy derivative of glutamic 
acid 35 (17); for the propionyl 29, benzoyl 12, and formyl] 22, derivatives 
of alanine; and for the formyl derivative of methionine 26.7 All of these 
values, a total of forty-six including those in Column 4 of Table II, are 
sufficiently close to calculate an average, and their grand average amounts 
to 30. This nearly constant ratio of rates of the various acyl derivatives 
of the various amino acids with acylase I to the homogenate suggests very 
strongly that, with the exception of the derivatives mentioned, all of 
these compounds, regardless of the nature of the amino acid or of the 
N-acyl radical, are hydrolyzed by the same enzyme. 

The exceptional compounds are chloroacetyl-L-aspartic acid which is 
hydrolyzed by acylase II (1), and the chloroacety! derivatives of L-tyro- 
sine and L-tryptophan which are hydrolyzed only three to four times faster 
by acylase I than by the homogenate. In contrast with all the N-acylated 
amino acids studied, chloroacetyl-L-tryptophan is not completely hydro- 
lyzed by acylase I. The maximal extent of hydrolysis increases with 
increasing dilution of the substrate, but does not appear to reach 100 per 
cent even at high dilutions. Thus, at a final concentration of 0.1 m, the 
compound is hydrolyzed to about 48 per cent. Under the conditions 
stated in Table II, the compound is hydrolyzed to a maximum of about 
90 per cent. The rate values given in Table II are therefore subject to 
this reservation. 

5 Acetyl-pL-aminobutyric acid possesses a melting point of 132°; N calculated 
9.6, found 9.5. The rate of hydrolysis with aqueous homogenate of hog kidney was 
290 wm per hour per mg. of N and with acylase I it was 9500. 

® Unpublished data by Birnbaum, S. M., Koegel, R. J., Fu, S.-C. J., and Green- 
stein, J. P. Recent studies by Fu, Rao, Birnbaum, and Greenstein on a, +-dichlo- 
roacetyl-pL-diaminobutyric acid have shown that the corresponding ratio of rates 
for this compound is 24. 

7 The rates, in terms of micromoles of substrate hydrolyzed per hour per mg. o/ 
N, with the homogenate and with acylase I are, as follows: acetylglycine 23 and 520, 
propionyl-t-alanine 132 and 3840, benzoyl-t-alanine 2 and 24, formyl-t-alanine 11 
and 240, and formyl-t-methionine 272 and 7180. 
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Chloroacetyl-L-tyrosine, however, is completely hydrolyzed by acylase 
I, and by digesting chloroacetyl-pL-tyrosine with acylase I by the general 
method described (1), L- and p-tyrosine were readily obtained with an 
optical purity for each form greater than 99.9 per cent, and in 60 and 44 
per cent yields, respectively. 

The possibility that chloroacetyltyrosine and chloroacetyltryptophan 

may be substrates for still another specific acylase in the hog kidney is 
under active investigation. The present data (Table II) for the rates 
of chloroacetyltyrosine with acylase I, and of chloroacetyltryptophan with 
the homogenate, replace those described earlier (1). 

N-Glycyl Amino Acids with Homogenates and Acylase I—A very different 
picture from the foregoing emerges on inspection of the data for the glycyl- 
L-amino acids in Table II. Considering the hydrolysis rates with the 
homogenate first (Column 5), it appears that many of the different gylcyl- 
L-amino acids are hydrolyzed at rates close to the same order of magnitude. 
This seems to be true of the glycyl peptides of aminobutyric acid, valine, 
norvaline, leucine, isoleucine, alloisoleucine, norleucine, methionine, phenyl- 
alanine, and tryptophan. 

Comparison of the rates of the glycyl-L-amino acids with homogenate 
and acylase I reveals that certain of these substrates, namely glycyl-a- 
aminobutyric acid, glycylnorvaline, glycylnorleucine, glycylmethionine, 
glycylglutamic acid, and glycyllysine, are hydrolyzed at an increased rate 
by acylase I, whereas all the others are hydrolyzed at a decreased rate. 
Neither the increase nor the decrease in these rates appears to be at all 
uniform (Column 7, Table IT). 

The different glycylamino acids are hydrolyzed by acylase I at widely 
differing rates, the greatest difference being some 4000-fold (Column 6). 
The relative order of hydrolytic rates among the glycylamino acids with 
acylase I appears to parallel that among the chloroacetylamino acids. 
The greatest difference among the rates of the latter compounds (exclusive 
of chloroacetyl-L-aspartic acid) is some 7000-fold (Column 3). However, 
the ratio of the rates with acylase I for the chloroacetyl-L-amino acids to 
those of the corresponding glycyl-L-amino acids (in Column 8 of Table IT, 
and exclusive of the tyrosine and tryptophan derivatives) is roughly con- 
stant, the greatest variation being some 10-fold. Such variations as noted 
might be due to small differences in the pH optima of the respective sub- 
strates, adherence of traces of other peptidases in the acylase I prepara- 
tions, as well as to the magnification of the experimental error in ratio 
values. Nevertheless, it would appear that, with the exceptions noted, 
the relative susceptibility toward acylase I of glycylamino acids and of 
chloroacetylamino acids was nearly similarly governed by the nature of 
the side chain of the terminal amino acid residues. 

These data suggest at least two possibilities. The first is that there 
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exists in the acylase I preparation two enzyme entities, one of which acts 
upon N-acylated amino acids in which the acyl radical lacks an a-amino 
group, whereas the other acts on N-glycyl amino acids; both enzymes, 
however, would be governed in their rates in a nearly similar manner by 
the nature of the side chains of the substrates. The second possibility is 
that all N-acylated amino acids, whether the acyl radical is formyl, acetyl, 
chloroacetyl, or glycyl, are acted upon by a single enzyme entity in the 
acylase I preparation. Attempts to separate the activities toward chloro- 
acetylamino acids and glycylamino acids in acylase I preparations have so 
far been unsuccessful. A typical example is given by the data in Table 


TaBLeE III 


Acid Denaturation of Acylase I* 


Rates of Hydrolysis of | 


Period of incubation Ratio chloroacety] 
at pH 4.7 ; ’ glycyl 
Chloroacetyl-L-alanine Glycyl-t-alanine | 

0 | 13,500 | 525 | 26 

20 | 8,270 | 282 | 29 

40 6,350 228 | 28 

60 4,970 | 159 31 


The rate of hydrolysis is in micromoles of substrate hydrolyzed at 38° per hour 
per mg. of protein N. 

* Acylase I dissolved in acetate buffer at pH 4.7 to 1 mg. of N per cc. and main- 
tained at 37°. 1 cc. removed at the times indicated and added to 9 ce. of phos- 
phate buffer at pH 7.0. The activity of this enzyme solution was then measured in 
the usual manner. 


ITI, in which acid denaturation of acylase I was employed. The decrease 
in activity with time toward chloroacetyl-L-alanine and toward glycyl-t- 
alanine was essentially parallel. Attempts to separate these activities by 
selective heat denaturation of acylase I likewise proved fruitless. At the 
present time, therefore, we are inclined to favor the second of the above 
possibilities; namely, that the acylase activity of acylase I preparations 1s 
due to a single enzyme entity which acts upon a broad range of N-acylated 
amino acids (except those of aspartic acid, and perhaps those of tyrosine 
and tryptophan), the relative susceptibility of which for any one type of 
acyl radical is governed by the nature of the side chain of the terminal 
amino acid. 

In the homogenate, however, there occurs in addition the classic L-di- 
peptidase, which requires the presence of a free a-amino group on the 
N-acy] radical, and which appears to be much less sensitive to the nature 


f 
| 


RAO, BIRNBAUM, KINGSLEY, AND GREENSTEIN 517 


of the side chains of the amino acid residues (Column 5, Table II). The 
rates given by the homogenate for the glycyl L-amino acids described in 
Table II are largely due to this system. It is possible that our preparations 
of acylase I contain traces of L-dipeptidase, which cause the variations 
shown in Column 8 of Table II. In any event, there appear to be at least 
two separate enzyme systems in the hog kidney homogenate capable of 
acting upon glycyl-L-amino acids. Whether, in view of the very irregular 
character of the figures in Column 7 of Table II, there may be many kinds 
of t-dipeptidase in the tissue seems not improbable. That there may be a 
multiplicity of peptidases in tissues acting on a number of different peptide 
substrates is not a new concept, but was advanced several years ago by 
Linderstrom-Lang (20), Waldschmidt-Leitz, Balls, and Waldschmidt- 
Graser (21), and by Grassmann and Klenk (22), and has been considered 
in more recent times by Smith and Bergmann (23), Smith (24), Johnson 
and Berger (25), Fruton (26), Tallan, Jones, and Fruton (27), and by 
Maschmann (28). 

Effect of N-Acyl Radicals on Rates of Hydrolysis with Acylase I1—As 
shown earlier (15), the rates of hydrolysis of different N-acyl derivatives of 
the same amino acid vary with the nature of the acyl radical. If acylase 
I is indeed a peptidase which acts as a single entity on most, if not all, 
N-acylated amino acids, it would be expected that the effect of one kind of 
acyl radical on the hydrolytic rates of acylated amino acids, compared 
with the effect of another kind of N-acyl radical on the same amino acids, 
would be nearly the same. Thus, studies on the large variety of acetylated 
and chloroacetylated amino acids, reported earlier (1) and in this paper, 
revealed that all of the latter compounds are consistently hydrolyzed by 
acylase I at rates 3 to 5 times faster than are the corresponding acetyl 
amino acids. As shown in Table II, the chloroacetylamino acids are hy- 
drolyzed some 3 to 30 times faster than are the corresponding glycylamino 
acids. In Table IV, the effect of L-alanyl and other acyl radicals on the 
hydrolytic rates of N-acylated L-alanine and glycine is described. The 
L-alanyl derivatives employed are hydrolyzed twice as fast as the corre- 
sponding glycylamino acids, while the propiony] derivatives are hydrolyzed 
at about 50 times the rate of the corresponding dl-chloropropionylamino 
acids.° 


* The L-dipeptidase of animal tissue homogenates is extremely labile and uniformly 
soluble, in contrast with the p-dipeptidase which is readily sedimented at 26,000 X g 
(18). The activity of this L-dipeptidase in hog kidney homogenates toward glycyl- 
alanine has been separated by a series of alcohol fractionations from the enzyme 
(acylase I) which acts upon chloroacetylalanine (19). 

* Both isomers of dl-chloropropionyl-L-alanine are readily and completely hy- 
drolyzed in the presence of the homogenate (15) and acylase I. 
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Hydrolysis of Glycyl-pL-amino Acids—The presence of the unhydrolyzed 
acyl-p-amino acid in the acyl-pL-amino acid has been shown to have little 
or no effect on the hydrolysis rate of the acyl-L-amino acid component (1). 
We have repeated such an experiment with glycyl-pL-amino acids, using 
0.05 M substrate concentrations, and obtained the following rates with hog 
kidney homogenates: glycyl-pL-leucine 2760, glycyl-pL-alanine 960, glycyl- 
DL-a-aminobutyric acid 2070, glycyl-pL-methionine 2490, and glycyl-pL- 
serine 460. Comparison of these rates with those given in Table IT for the 
corresponding glycyl-L-amino acids shows them to be nearly the same. 
The glycyl-p-amino acids are presumably hydrolyzed very slowly by the 
homogenates, and their presence and that of their split-products has little 
or no effect on the rates of hydrolysis of the glycyl L components of the 
racemates. 

TaBLeE IV 
Effect of N-Acyl Radical on Rates of Hydrolysis with Acylase I* 


Rates of hydrolysis of N-acylated amino acid residue 


N-Acy] radical 

| L-Alanine | Glycine 
dl-Chloropropionyl................. 59 23 


* Initial reaction rates in terms of micromoles of substrate hydrolyzed per hour 
per mg. of protein N (cf. Table II). 


Effect of pH on Hydrolytic Rates—The maximal rate of hydrolysis with 
hog kidney homogenates occurs at about 7 for chloroacetyl-L-alanine, and 
between 7.5 and 8 for glycyl-L-alanine (16). The latter finding also holds 
true for glycyl-L-lysine, glycyl-L-valine, and glycyl-L-methionine. With 
glycyl-L-aspartic acid and glycyl-t-glutamic acid, however, the optimal 
pH for hydrolysis occurs between 6.5 and 7. With acylase I, the optimal 
pH for hydrolysis of glycyl-L-valine and glycyl-L-methionine is like that 
with the homogenate, namely between pH 7.5 and 8. These optimal 
values of pH actually cover a relatively broad zone and are no more than 
10 per cent greater than the rates at pH 7.0 given in Table IT. 

Glycyl-L-aspartic Acid, Glycyl-L-asparagine, and Glycyl-u-glutamic Acid 
with Acylases I and II—Acetyl]-.-aspartic acid and chloroacetyl-L-aspartic 
acid, unlike the corresponding acylated t-glutamic acid derivatives, are 
little, if at all, hydrolyzed by acylase I, but are hydrolyzed by another 
fraction of hog kidney to which the designation of acylase II has been given 
(1). The behavior of the glycyl derivatives of these amino acids is de- 
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scribed in Table V and it will be noted that neither glycyl-.-glutamic 
acid nor glycyl-L-aspartic acid is appreciably hydrolyzed by acylase IT. 
Chloroacetyl-L-asparagine does not behave like chloroacetyl-L-aspartic 
acid, for it is hydrolyzed by acylase I at a faster rate than by the homo- 
genate, and with acylase II it is nearly resistant to hydrolysis (Table V). 
In this respect, chloroacetyl-L-asparagine behaves like all the other chloro- 
acetylated amino acids studied (Table II). Glycyl-L-asparagine, however, 
like glycyl-L-aspartic acid, has a lower susceptibility to acylase I than to 
the homogenate, and a still lower susceptibility to acylase IJ. Acylase IT, 
therefore, is more specifically an aspartic acid acylase and acts upon such 


TABLE V 
Initial Hydrolytic Rates with Hog Kidney Acylase II* 


Rates with 
Substrate 
Homogenate AcylaseI Acylase II 
Chloroacetyl-u-glutamic acid................ 480 12,700 6 
Glycyl-t-glutamie 310 490 3 
Chloroacetyl-L-aspartic acid... 32 142 
Glycyl-Lt-aspartic acidf...... 45 4 2 
Chloroacetyl-L-asparagine... ....... 8 129 0.3 
Glycyl-L-asparagine........ 1120 54 19 


*In terms of micromoles of substrate hydrolyzed at 38° per hour per mg. of pro- 


tein N. 
t Glycyl-p-aspartic acid is nearly completely resistant to the action of the ho- 


mogenate and of acylases I or II. 


acylated aspartic acid derivatives in which the acyl radical does not possess 
a free a-amino group. 

Effect of Co++ on Acylase I Activity—Studies by Johnson and Berger 
(25), Maschmann (28), and, notably, by Smith (29) have shown the activat- 
ing influence of Cot++ and other divalent ions on various peptidase systems. 
The number and variety of the substrates available in the present study 
permitted a relatively broad survey of the effect of added Co** on the hy- 
drolytic rates of these compounds. Digests of the various chloroacetyl- 
and glycyl-L-amino acids with acylase I were prepared in Verona! buffer at 
pH 7.0. The rates of hydrolysis in all cases studied were identical with 
those obtained in the presence of phosphate buffer at the same pH.'° In 

10 This also holds true for the hydrolytic rates of chloroacetylamino acids studied 
with crude homogenates buffered either with phosphate or Veronal. On the other 
hand, the hydrolytic rates of the glycylamino acids with homogenates buffered 
with Veronal are about one-third those with homogenates buffered with phosphate 
at the same pH. Smith has shown the inhibitory effect of Catt on an L-dipeptidase 
system in uterine tissue and its reversal with added phosphate (30), and the same 
phenomenon might apply to the L-dipeptidase systems in the hog kidney homogenate. 
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each instance, the enzyme was incubated for 5 minutes at 38° with cobalt 
chloride solution before adding the substrate. Simultaneous studies were 
performed on the same substrate in the presence and absence of added 
Cot, and no increase or decrease in hydrolytic rate was considered signifi- 
cant unless greater than 10 per cent. 

The data collected in Table VI suggest the following: (a) with few ex- 
ceptions Cot+ appears to have the same effect on corresponding chloro- 
acetyl- and glycylamino acids, and (b) whether Cot* activates or inhibits 
the hydrolysis of the substrates depends generally upon their initial rates 
of hydrolysis in the absence of added Cot. 

As a first approximation, it is possible to divide the substrates studied 
in Table VI into three general groups. The first group comprises those 
chloroacetyl- and glycylamino acids whose hydrolytic rates are accelerated 
by the highest concentration of Cot+t+ used, namely 0.01 m; these are the 
derivatives of glycine, valine, threonine, isoleucine, alloisoleucine, phenyl- 
alanine, tryptophan, asparagine, and aspartic acid, which, as shown in 
Table II, are among the most slowly hydrolyzed of the substrates (i.e., 
rates of 4 to 4970 for the chloroacety] and of 4 to 380 for the glycy] deriva- 
tives). The second group comprises those chloroacetyl- and glycylamino 
acids whose hydrolytic rates are inhibited by all concentrations of Cot+ 
used, namely from 0.01 to 0.0001 m; these are the derivatives of lysine, 
norvaline, norleucine, and methionine. With the exception of glycyllysine, 
these are the most rapidly hydrolyzed of all the substrates (7.e., rates of 
30,400 to 88,000 for the chloroacetyl and of 6930 to 15,000 for the glycyl 
derivatives, Table II). The peculiar position of the very slowly hydrolyzed 
glycyllysine in this Cot+-inhibited category of substrates is difficult to 
explain, but attention might be drawn to the fact that, unlike all other 
substrates studied, this compound possesses a second, free amino group. 
The third category of substrates, which includes the derivatives of serine, 
alanine, aminobutyric acid, glutamic acid, and leucine, possesses rates of 
hydrolysis (Table IT) intermediate between those of the first and second 
groups (7.e., 11,600 to 33,600 for the chloroacetyl and 490 to 2960 for the 
glycyl derivatives). The rates of these substrates are affected differently 
by different concentrations of Cot+, and not all of the compounds in this 
group behave in the same way. Thus, the hydrolytic rates of all but one 
of the glycyl derivatives of this group are inhibited at 0.01 m Cot, but 
accelerated at 0.001 m Cot++ or less; the rates of chloroacetylglutamic acid 
are affected in the same way, but the other chloroacetyl derivatives are 
inhibited with 0.01 m Cot++ and unaffected by 0.001 m Cot+ (aminobutyric 
acid and leucine), activated by 0.01 and 0.001 m Co+* (serine), or inhibited 
by 0.001 m Co++ (alanine). The properties of the members of this third or 
intermediate group of substrates, therefore, appear to overlap those in the 
other two, extreme groups. 
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The degrees of activation or inhibition shown in Table VI are not far 
from the same order of magnitude for all the substrates tested, with two 


TaBLeE VI 
Effect of Co**+ on Hydrolytic Rates with Acylase I* 


Per cent increase or decrease in ratest 


Threonine...... +33 | +23 
Isoleucine............. .. 0.01 | +42 | 
Alloisoleucine............ 0.01 | +38 +29 
Phenylalanine........... | 0.01 | +15 | Qe 
Asparagine............... 0.01 +19 | +47 
Aspartic acid.............. 0.01 +610 +850 
Tryptophan.............. 0.01 +23 
| + 23 15 
es +12 +37 
Aminobutyric acid. .. | 0.01 —5l1 —70 
Glutamic acid............. 0.01 | —40 —23 
0.01 | —44 0 
0.01 -0.0001 —67 to —50 
Norvaline................ 0.01 -0.0001_ —42 to —18 —50 to —15§ 
Norleucine............... 0.01 -0.0001 —39 to —31 | —54 to —15§ 
Methionine............... 0.01 -0.0001 —62 to —15 | —76 to —15§ 


* Digests composed of 1 ec. of acylase I solution in water, 0.7 cc. of Veronal ace- 
tate buffer at pH 7.0, 0.3 ce. of cobalt chloride dissolved at various concentrations 
in Veronal buffer, and 1.0 cc. of 0.025 m neutralized substrate solution. 

t Activation is represented by a plus sign and inhibition by a minus sign. 

} At 0.01 m Co** final concentration, the activation of hydrolysis of acetyl-.- 
glycine was 76, of acetyl-L-alanine 32, and of acetyl-L-leucine 18 per cent. 

§ Per cent change in rate equals zero at 0.00001 m Cot**. 


notable exceptions. The per cent activation of chloroacetyl-L-aspartic 
acid and glycyl-L-aspartic acid by Co++ is very considerably greater than 
that observed for any other substrate. However, even in the presence of 
Co**, the hydrolytic rate of chloroacetyl-L-aspartic acid with acylase I 
falls considerably short of that with acylase II (Table V). The activity 
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of the latter enzyme is not affected by either Co+*+ or Mnt+. The rela- 
tively slight hydrolytic action of acylase I on chloroacetyl-L-aspartic acid 
in the absence of added Cot is therefore not likely to be due to traces of 
adherent acylase II in the enzyme preparation. 

Our results, like those of Gilbert, Otey, and Price (31), indicate the rather 
complicated picture of the influence of added metal ion to a peptidase 
system and the need for caution in interpreting the data obtained. 


The elemental analyses were performed by R. J. Koegel and staff of this 
Laboratory. 


SUMMARY 


Eighteen chloroacetyl-L-amino acids were prepared and aminated to yield 
the corresponding crystalline glycyl-L-amino acids. Because of its unusual 
physical properties, the preparation of chloroacetyl-L-serine is described in 
detail. Chloroacetyl-p-serine, chloroacetyl-p-isoleucine, chloroacetyl-p- 
valine, and chloroacetyl-p-threonine were also prepared and aminated to 
yield the corresponding glycyl-D-amino acids. New compounds include 
glycyl-pL-methionine and the chloroacetyl and glycyl derivatives of L- 
serine, D-serine, L-threonine, p-threonine, L-aminobutyric acid, L-norvaline, 
L-norleucine, L-lysine (a), D-aspartic acid, p-isoleucine, and p-valine. 

The initial hydrolytic rates of these glycyl-L-amino acids were compared 
with those of the corresponding chloroacetyl-L-amino acids, by the use of 
hog kidney homogenates and purified protein fractions thereof (acylases I 
and II) as the enzyme sources. 

The chloroacetyl-L-amino acids are hydrolyzed at widely different rates 
by hog kidney homogenates. With acylase I, and with the exceptions of 
chloroacetyl-L-aspartic acid, chloroacetyl-L-tyrosine, and chloroacetyl-t- 
tryptophan, these rates are uniformly increased some 30-fold. This same 
increase is shown with a number of acetyl, formyl, benzoyl, propionyl, 
and carbobenzoxy derivatives of the L-amino acids. A total of forty-six 
such compounds is reported, and the uniform increase in their susceptibility 
to acylase I suggests that they are hydrolyzed by the same enzyme. 

The hydrolysis by the homogenate of the glycyl derivatives, however, 
varies much less, and the rates for such derivatives of aminobutyric acid, 
valine, norvaline, leucine, isoleucine, alloisoleucine, norleucine, methionine, 
phenylalanine, and tryptophan appear to be close to the same order of 
magnitude. With acylase I, the hydrolysis rates of the glycyl derivatives 
of aminobutyric acid, norvaline, norleucine, methionine, glutamic acid, and 
lysine are increased ununiformly, whereas the rates of all the others are 
decreased, also ununiformly. There appears to be a rough parallel in the 
relative order of hydrolytic rates with acylase I of the chloroacetyl and 
of the glycyl derivatives of the amino acids, and it is probable that there 
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exist in the crude homogenate of the hog kidney at least two enzymes 
capable of hydrolyzing glycyl-L-amino acids. 

The possibility is furthermore advanced that acylase I possesses a single 
activity toward a wide range of N-acylated amino acids, including those 
possessing a free a-amino group on the acyl radical. Attempts to separate 
the activity of acylase I toward chloroacetyl- and glycylamino acids, by 
heat and acid denaturation, were unsuccessful. 

Although the increase in hydrolytic rate of chloroacetyltyrosine by 
acylase I over the homogenate is exceptional in being only 3-fold, the race- 
mate could be readily resolved, and the enantiomorphs of tyrosine pre- 
pared in good yield, and with an optical purity for each form greater than 
99.9 per cent. 

Acylase II, which readily hydrolyzes chloroacetyl-L-aspartic acid but not 
chloroacetyl-L-glutamic acid, has little or no effect on the glycy! derivatives 
of these two amino acids. Chloroacetyl-L-asparagine, unlike chloroacety|- 
L-aspartic acid, is more rapidly hydrolyzed by acylase I than by acylase II. 

Added Cot* accelerates generally the hydrolytic rates by acylase I of 
those chloroacetyl and glycyl derivatives of the amino acids which are 
ordinarily less susceptible to the action of this enzyme, and, even in very 
low concentrations, Cott inhibits the hydrolysis of the very susceptible 
derivatives of other amino acids. Of all the compounds whose hydrolysis 
by acylase I is activated by added Co*+, the chloroacetyl and glyeyl de- 
rivatives of aspartic acid are those most markedly affected. 


BIBLIOGRAPHY 


1. Birnbaum, 8S. M., Levintow, L., Kingsley, R. B., and Greenstein, J. P., J. Biol. 
Chem., 194, 455 (1952). 
2. Meister, A., Levintow, L., Kingsley, R. B., and Greenstein, J. P., J. Biol. Chem., 
192, 535 (1951). 
3. Birnbaum, S. M., and Greenstein, J. P., Arch. Biochem. and Biophys., 39, 108 
(1952). 
4. Greenstein, J. P., Gilbert, J. B., and Fodor, P. J., J. Biol. Chem., 182, 451 (1950). 
5. Fischer, E., and Koenigs, E., Ber. chem. Ges., 37, 4584 (1904). 
6. Price, V. E., and Greenstein, J. P., J. Nat. Cancer Inst., 7, 275 (1947). 
7. Abderhalden, E., and Kempe, M., Ber. chem. Ges., 40, 2737 (1907). 
8. Fruton, J. S., Advances in Protein Chem., 5, 1 (1949). 
9. Fischer, E., and Roesner, H., Ann. Chem., 376, 199 (1910). 
10. Meister, A., J. Biol. Chem., 195, 813 (1952). 
11. Fischer, E., Kropp, W., and Stahlschmidt, A., Ann. Chem., 365, 181 (1909). 
12, Fischer, E., Ber. chem. Ges., 37, 2486 (1904). 
13. Simmonds, S., Tatum, E. L., and Fruton, J. S., J. Biol. Chem., 169, 91 (1947). 
14. Bergmann, M., Zervas, L., and Ross, W. F., J. Biol. Chem., 111, 245 (1935). 
15. Fodor, P. J., Price, V. E., and Greenstein, J. P., J. Biol. Chem., 182, 467 (1950). 
16. Bergmann, M., and Grafe, K., Z. physiol. Chem., 187, 187 (1930). 
17. Levintow, L., Greenstein, J. P., and Kingsley, R. B., Arch. Biochem. and Biophys., 
$1, 77 (1951). 


id 
4 
‘ 
& 
i 
‘ 
| 
3 


524 CHLOROACETYL- AND GLYCYL-L-AMINO ACIDS 


18. 


= 


Price, V. E., Meister, A., Gilbert, J. B., and Greenstein, J. P., J. Biol. Chem., 
181, 535 (1949). 


. Fodor, P. J., and Greenstein, J. P., J. Biol. Chem., 181, 549 (1949). 
. Linderstrgm-Lang, K., Z. physiol. Chem., 182, 151 (1929). 
. Waldschmidt-Leitz, E., Balls, A. K., and Waldschmidt-Graser, J., Ber. chem. 


Ges., 62, 956 (1929). 


. Grassmann, W., and Klenk, L., Z. physiol. Chem., 186, 26 (1929). 
. Smith, E. L., and Bergmann, M., J. Biol. Chem., 153, 627 (1944). 
. Smith, E. L., in Sumner, J. B., and Myrbick, K., The enzymes, New York, 1, 


pt. 2, 793 (1951). 


. Johnson, M. J., and Berger, J., Advances in Enzymol., 2, 69 (1942). 
. Fruton, J.8., J. Biol. Chem., 166, 721 (1946). 
. Tallan, H. H., Jones, M. E., and Fruton, J.8., J. Biol. Chem., 194, 793 (1952). 


Maschmann, E., Biochem. Z., 310, 131 (1941). 


. Smith, E. L., Proc. Nat. Acad. Sc., 36, 80 (1949). 
. Smith, E. L., J. Biol. Chem., 176, 9 (1948). 
. Gilbert, J. B., Otey, M. C., and Price, V. E., J. Biol. Chem., 190, 377 (1951). 


| 
19 
20 
. 
| 
XUM 


ACETATE UTILIZATION IN NORMAL, FASTING, AND 
PYRUVATE-TREATED RATS* 


By JOHN G. CONIGLIO,t CARL E. ANDERSON, anv C. S. ROBINSON 


(From the Department of Biochemistry, Vanderbilt University, School of Medicine, 
Nashville, Tennessee) 


(Received for publication, May 5, 1952) 


The metabolism of acetate is influenced by various factors, including 
the nutritional state of the animal and the administration of other metab- 
olites. Bloch (1) observed that non-isotopic pyruvate stimulated the in- 
corporation of labeled carbon from acetate into fatty acids of rat liver 
slices, and Pardee et al. (2) found that pyruvate decreased the output of 
C¥O, by kidney homogenates metabolizing radioactive acetate. Hutchens 
and others (3) presented data on the amount of labeled carbon dioxide 
which was expired and of C™ which was incorporated into body lipides 
during the lst hour after C'*-acetate administration to fasting rats. Data 
on the rate of oxidation of acetate by the normal rat were reported by 
Buchanan et al. (4) and by Gould and coworkers (5). 

In our present study we have investigated the rate of oxidation of in- 
jected sodium acetate-1-C™ to CO. by fed and fasting rats and by rats 
receiving inert sodium pyruvate as well as labeled acetate. Both fast- 
ing and pyruvate administration decreased markedly the rate of oxidation 
of acetate to carbon dioxide. The amount of incorporation of the labeled 
carbon into the fatty acids of the tissues was also determined, and the 
most significant departure from the normal was observed in the fasted 
animals, in which C* incorporation into fatty acids decreased sharply. 


EXPERIMENTAL 


Male Sprague-Dawley strain rats weighing from 130 to 160 gm. were 
divided into the following groups: Group I was non-fasted and received 
only C'4-acetate ;! Group II was non-fasted and 1 minute prior to the labeled 
acetate injection received 200 mg. of non-isotopic sodium pyruvate; Group 


* Aided in part by a grant from the Postdoctoral Committee in the Medical Sci- 
ences of the Atomic Energy Commission. Presented at a meeting of the Federa- 
tion of American Societies for Experimental Biology at New York, April, 1952. 

t Postdoctoral Fellow in the Medical Sciences of the Atomic Energy Commission 
while this work was in progress. 

{ Present address, Department of Biochemistry, School of Medicine, University 
of North Carolina, Chapel Hill, North Carolina. 

1 Sodium acetate-1-C™ was obtained from Tracerlab, Inc., Boston, Massachusetts, 
upon allocation from the Atomic Energy Commission, Oak Ridge, Tennessee. 
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IIIa was given labeled acetate after a 72 hour fast; Group 1Va was fasted 
72 hours and treated in the same manner as Group II. Food and water 
were provided ad libitum for these four groups. The diet offered was fat- 
free and contained 83 per cent sucrose, 15 per cent casein, 2 per cent salt 
mixture, and an adequate vitamin supplement. The effects of continued 
fasting after C'-acetate administration to rats fasted for 72 hours were 
studied in Groups IIIb and IVb, which were treated similarly to Groups 
IIIa and IVa, respectively, except that no food was allowed after the 
radioacetate administration. 

Each animal was injected intraperitoneally with 9.8 mg. of sodium 
acetate-1-C™ except one animal in Group I (Rat 10) which received one- 
half this dose. The total activity administered was either 8.49 x 108 
c.p.m. or 2.83 X 10° c.p.m., the actual amount of sodium acetate in both 
these cases being 9.8 mg. In Fig. 1 and Tables I and II the results have 
been calculated after adjusting for the differences in administered activity 
and hence all data presented are directly comparable. 

Immediately after the injection of labeled acetate, each rat was placed 
in a desiccator, which served as a simple metabolic chamber. The expired 
carbon dioxide was collected in a series of traps containing sodium hy- 
droxide followed by a barium hydroxide trap. Collection periods were 
divided into two 30 minute intervals for the Ist hour, 1 hour intervals 
for the next 5 hours, one 6 to 12 hour interval, and the final period between 
12 and 24 hours. 

Radioactivity was determined on the carbon dioxide as barium car- 
bonate, with a Geiger-Miiller thin window tube and a 100 scaler. All sam- 
ples were counted in duplicate to a total of at least 5000 counts, and proper 
corrections were made for background and self-absorption. Carbon 
dioxide was determined gravimetrically as barium carbonate; total fatty 
acids were isolated, oxidized to COz, and counted as BaCQ; as previously 
described (6). Traces of water-soluble fatty acids, if present in the lipide 
extracts, were removed by repeated washings with water. In addition, 
possible contamination of the fatty acid solutions by injected acetate 
was avoided by the technique of diluting with inert sodium acetate before 
the extraction of the fatty acids and washing the extracted fatty acids 
thoroughly with water. 


RESULTS AND DISCUSSION 


The general characteristics of the cumulative C™“O, expiration curves 
for three groups of rats may be observed in Fig. 1. The points plotted on 
these curves represent averages of results from animals within a particular 
group. © The expiration curves are of the same general shape, reflecting an 
initial extremely rapid oxidation of administered acetate during the first 
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2 hours as it was rapidly absorbed and incorporated into the citric acid 
cycle. The deflection of the curves which occurred after 2 hours is prob- 
ably the result of a decrease in concentration of labeled acetate and of in- 
corporation of part of the labeled carbon into body substances which were 
metabolized to carbon dioxide at a slower rate than acetate. 


GROUP I 


ROUP II 


GROUPIIa 


EASTED + ACETATE 


IN 


(PER CENT OF ADMINISTERED DOSE) 


ACCUMULATED ACTIVITY 
3 


20 


2 4 6 8 10 12 14 16 18 20 22 24 
TIME (HOURS) 

Fic. 1. Cumulative C™“O,. excretion curves for rats injected intraperitoneally 
with 9.8 mg. of CH;COONa-1-C™. Group I, normal rats receiving radioacetate 
alone; Group II, normal rats receiving intraperitoneally 200 mg. of non-isotopic 
sodium pyruvate plus the radioacetate; Group IIIa, rats fasted 72 hours prior to 
radioacetate administration. 


It is apparent from Fig. 1 that both pyruvate administration and fasting 
resulted in a decrease in the rate at which acetate was oxidized to carbon 
dioxide in these animals. The decrease manifested itself as early as 30 
minutes after the C™ injection (first sample measured) and continued 
through the 24 hour experimental period. The accumulated activity that 
was expired by these rats at 3, 6, and 24 hours after injection is shown in 
Table I, in which the data for all rats are expressed as per cent of adminis- 
tered dose. Table I also shows the time in minutes required for half of 
the administered dose to be expired as COz (7). The 7 values can be 
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estimated from curves such as those shown in Fig. 1, but the data were 
actually obtained from curves in which the per cent of the administered 
dose remaining in the animal was plotted logarithmically against time. 
Curves so obtained were straight beyond the 50 per cent value. Adminis- 
tration of pyruvate to non-fasted rats increased the 7; value from 46 min- 
utes to 80 minutes. This decrease in the rate of oxidation of the radio- 


TABLE I 

Rate of Expiration of CO, by Rats Injected Intraperitoneally with CH;COONa-1-C™ 
Per cent of administered 

activity expired in 

Group No. Experimental procedure*® Rat No. Tit 
3 hrs. | 6hrs. 24 hrs. 
min. 
I Non-fasted 3 46 88 92 97 
10 46 89 92 96 
14 89 

II Non-fasted + pyruvate 1 74 72 78 83 

11 80 76 84 90 

12 88 72 80 87 

13 79 79 88 96 

Illa Fasted until C™ injection 15 74 74 79 84 

18 71 71 74 78 

19 66 72 76 81 

IIIb Fasted before and after C™% in- | 21 90 73 81 86 

jection 22 86 73 80 85 

IVa Same as IIIa + pyruvate 6 115 60 68 76 

8 96 70 79 85 

IVb Same as IIIb + pyruvate 23 74 73 80 87 

24 63 69 74 78 


* Groups I, II, IIIa, and IVa were allowed a fat-free, high carbohydrate diet 
ad libitum after the injection of C'*-acetate; Groups IIIb and IVb continued to fast 
after radioacetate administration. ; 

t T: is the time (in minutes) required for half of the administered dose to be 
expired as CQO>. 


acetate can also be observed at all times through the 24 hour experimental 
period as shown by the values tabulated for 3, 6, and 24 hours. Since 
a large amount (200 mg.) of pyruvate was administered with the acetate, 
a simple explanation for the decreased rate of C™ expiration in Group II 
is a sparing of oxidation of acetate by pyruvate. A sparing action of 
pyruvate on acetate was observed in vitro with kidney homogenates by 
Pardee et al. (2), who also noted that citrate and a-ketoglutarate would 
act similarly. However, in our experiments the data do not exclude the 
possibility of pyruvate interfering with the intraperitoneal absorption of 
acetate. 


3 
t 
* 
a 
i 
| 
€ 


CONIGLIO, ANDERSON, AND ROBINSON 529 


The imposition of a 72 hour fast also caused a decreased rate of expira- 
tion of C'* as evidenced by the increase in 7; value to 70 minutes and by 
the values throughout the 24 hour period (compare Group IIIa with Group 
I). The rats in Group IIIa were allowed a fat-free diet after the radio- 
acetate injection, just as were Groups I and II. In order to observe the 
effects of fasting in rats not allowed food after the C administration, data 
were obtained on two rats (Group IIIb). These data are also reported 
in Table I. The values for the 3, 6, and 24 hour periods show that very 
little difference was found between Groups IIIb and IIIa. However, the 
T; values suggest that those rats receiving food had a higher initial rate of 
oxidation than those which continued to fast. During this early period 
a large variation was found in some of the rats which had been subjected 
toa 72 hour fast. Thus, Rats 16 and 17, members of Group IIIa, showed 
T; values of 216 and 168 minutes, respectively. This decreased rate of 
C*¥ expiration continued in both rats until about the 6th hour after injec- 
tion, but by the end of the 24 hour period about 88 per cent of the ad- 
ministered dose had been expired. 

The effect of pyruvate administration to fasted animals receiving acetate 
resulted in indefinite findings. Although there is an apparent difference 
in the 7; values for Groups IIIa and IVa (Table I), 7; values for Groups 
IIIb and IVb indicate that the data are not consistent enough to permit 
any conclusions. The data for the experimental period from 3 hours to 
24 hours show minor and insignificant variations between these groups. 

Since all the rats lost about 30 per cent of their body weight in the 3 
day fasting period, it is obvious that great alterations in their general 
metabolism can be expected. It is probable that a large variation exists 
in the reaction of the individual animal to such a stress and that the varia- 
tion in the data is partly due to these differences. Investigation of the 
effect of pyruvate on acetate oxidation in fasted rats is being continued 
with the use of older rats and shorter periods of fasting. 


Incorporation of C* into Tissue Fatty Acids 


Estimation of the total activity in the body total fatty acids indicates 
that administration of 200 mg. of pyruvate to normal animals has not al- 
tered markedly the incorporation of C' from acetate (see Table II). Al- 
though the results vary greatly, the group (No. II) receiving pyruvate 
shows a trend toward higher values, suggesting that administration of 
pyruvate may have enhanced the incorporation of acetate-C™ into fatty 
acids. More significant is the fact that pyruvate given in 20-fold excess 
over acetate apparently did not decrease the incorporation of the latter 
into the fatty acid fraction. Pyruvate is known to enter fatty acid forma- 
tion, but Anker (7) found that only carbon atoms 2 and 3 are used and to 
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a smaller extent than the carboxyl carbon of acetate. Data obtained 
by Bloch (1) zn vitro indicated an increase in the incorporation of C™ from 
acetate anto fatty acids of rat liver slices if non-isotopic pyruvate were 
added to the medium with no significant dilution of the labeled acetate. 

Of the experimental conditions used in this study, the one which is 
most influential in altering the rate of synthesis of fatty acid from acetate 
in the rat is fasting. In accord with the findings of Boxer and Stetten 
(8) that rats on a diminished food intake incorporate smaller amounts of 


TABLE II 


Activity in Total Fatty Acids Isolated from Liver, Carcass, and Gastrointestinal Tract 
of Rats 24 Hours after Administration of CH;C“OONa 


Total c.p.m. per 100 gm. rat (X 103) 


| re lila __.| Total activity per 100 


| (3) | 

I gel ow 117 31 1.75 

| 10 25 244 62 | 3.31 

II 1 42 717 65 8.24 

304 52 3.69 

Illa 16 25 0.46 

is 7.8 ae 31 | 0.73 

19 4.3 8.7 | 38 | 0.51 

IIIb 21 1.7 Bred 42 | 0.55 

22 1.3 23 29 | 0.53 

IVa 46 | 0.80 

| 41 | 0.79 

IVb 23 1.9 aes 17 | 0.30 

i 24 1.4 ae 29 | 0.40 


— 


* Groups as in Table I. 

t Carcass includes the entire body minus the viscera, the head, and the skeleton. 

t Includes the entire gastrointestinal tract (minus the stomach and esophagus) 
plus the mesentery and feces. 


deuterium from heavy water into fats than do well fed animals, we observed 
that a 3 day fasting period seriously limits the ability of the rat to syn- 
thesize fatty acids from acetate, even when food was offered after the C™ 
administration. Not only was the actual amount of total fatty acids ex- 
tremely low in the fasted rats, but also the specific activity of the fatty 
acids in the tissues was greatly reduced. The total activity found in the 
body fatty acids of the fasted animals was only about one-fifth that of the 
fed animals. This large decrease was found in all fasted animals, whether 
or not food was allowed for the 24 hour period following the injection. 
The differences in total activity incorporated in the animals of Groups IVa 
and IVb indicate that the ingestion of food after the injection influenced 
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the amount of incorporation of C™ into the fatty acids. However, the 
data obtained in Group III (compare Group IIIa with Group IIIb) do 
not exhibit this difference, and hence the variation encountered in Groups 
IVa and IVb may be due partly to other factors. 

The administration of pyruvate to fasted rats did not produce any con- 
sistent effect in the total C“ incorporation (compare Groups III and IV). 
Rats 16 and 17, members of Group IIIa which are not listed in Table IT, 
had a total incorporation of 67,000 and 95,000 c.p.m., respectively. 

A partial breakdown of the data on C™ content of the body fatty acids 
into the amount found in the liver, in the carcass, and in the combined 
intestine, mesentery, and feces is also reported in Table II. A pronounced 
decrease in the amount of activity in the carcass fatty acids is character- 
istic of all fasted animals. The decreases also occurred in the liver, but 
were less marked in the tissues combined under the heading ‘‘Gastro- 
intestinal tract.”” In a few animals in which the intestine was analyzed 
separately from the feces and from the mesentery, less decrease was ap- 
parent in the intestinal fatty acid activity than in the other tissues. 

Extremely low activities were noted in the livers of the animals of Groups 
IIIb and IVb, fasted rats which received no food after C' administration. 
In the carcass and intestine of these animals the amount of C™ incor- 
poration, in general, did not vary greatly from that of Groups IIIa and 
IVa, fasted animals which were allowed the diet after C™ administra- 
tion. 


SUMMARY 


1. Normal rats expired 96 per cent of an intraperitoneally administered 
dose of acetate-1-C™ in 24 hours. 50 per cent of the administered dose 
was expired in 46 minutes. _ 

2. Pyruvate, when injected simultaneously with labeled acetate, de- 
pressed the rate of expiration of C™“ from acetate in normal animals. 

3. The imposition of a 72 hour fast prior to the injection of acetate de- 
pressed the rate at which C™ was expired as COs, an effect noted particu- 
larly during the first 6 hours after the injection of labeled acetate. 

4. The greatest amount of C™ activity (total counts per minute) was 
found in the carcass fatty acids of the fed rats, while the least amount of 
activity was observed in the livers of fasted animals which received no 
food after the C“ administration. Fasting, however, reduced the amount 
of C“ incorporation into the fatty acids of all the tissues. 

5. Non-fasted rats receiving pyruvate exhibited slightly higher incorpo- 
ration of C“ from acetate into fatty acids, although there was a marked 
variation in the data. In fasted animals no definite effect of pyruvate 
administration could be demonstrated either on CO: expiration or on C¥ 
incorporation into fatty acids. 
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The valuable criticisms and suggestions by Dr. William J. Darby in pre- 
paring this manuscript are gratefully acknowledged. 


Addendum—Since this manuscript was submitted, details of the work of. Van 
Bruggen et al. have become available (9). These investigators report a variable, 
but not materially decreased, incorporation of C' into CO, and a decreased C' 
incorporation into fatty acids in fasted adult rats injected with radioactive sodium 
acetate. 
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STEROIDAL SAPOGENINS 


I. EXTRACTION, ISOLATION, AND IDENTIFICATION 


By MONROE E. WALL, MERLE M. KRIDER, EDWARD 8. 
ROTHMAN, anv C. ROLAND EDDY 


(From the Eastern Regional Research Laboratory,* Philadelphia, Pennsylvania) 
(Received for publication, February 7, 1952) 


In recent years the steroidal sapogenins have received considerable atten- 
tion as precursors for the synthesis of sex hormones and cortisone (1-3). 
Largely through the brilliant researches of Marker and his associates (1), 
the structure of these compounds is for the most part well established. 
Unfortunately, data on methods for the isolation and identification of these 
compounds from natural sources are scanty. The procedure presented by 
Marker et al. lacks detail, is difficult to duplicate, and makes little use of 
modern techniques (1). Therefore, we are reporting methods perfected 
during a study of more than 1000 sapogenaceous plant samples. 


Isolation of Crude Sapogenin 


Sapogenins are found in plant tissues in a combined, glycosidal form 
called saponins. The method developed involves extraction of saponins 
with hot 85 to 95 per cent ethanol or isopropanol, removal of fat-soluble 
material from the filtered, concentrated aqueous alcoholic solution with 
benzene, extraction of the saponins from the aqueous phase with butanol, 
and acid hydrolysis to form sapogenins, followed by treatment with hot 
methanol-potassium hydroxide to remove phenolic and other acidic sub- 
stances. 

We have obtained more consistent results with fresh plant material than 
with dehydrated tissue, and hence recommend fresh material for the evalu- 
ation of the sapogenin content of unknown samples. 

The procedure used is illustrated by a typical experiment with a 10 kilo 
batch of fresh Agave leaves. 

The fibrous sample is coarsely chopped with a meat cleaver or machete. 
It is ground several times through a Ball and Jewell! grinder provided with 


* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
This work was done as part of a cooperative arrangement between the Bureau of 
Plant Industry, Soils, and Agricultural Engineering and Bureau of Agricultural and 
Industrial Chemistry, United States Department of Agriculture, and the National 
Institutes of Health, Federal Security Administration. 

‘Mention of a trade name does not imply recommendation or endorsement by 
oe States Department of Agriculture of this brand over others not men- 
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a 1 inch screen. The ground material is placed at once in a 50 gallon, 
steam-jacketed kettle equipped with an air stirrer and having an exit valve 
at the bottom. Ethanol or isopropanol (85 to 95 per cent) is run in with 
stirring until the ground plant material is covered by approximately an inch 
of solvent, forming a mixture which can be easily stirred. The alcohol is 
then refluxed for 45 minutes with constant stirring. The suspension is 
cooled and filtered through a canvas filter. A second charge of solvent is 
added and the process repeated. After the second extraction, the residual 
meal is allowed to dry in air overnight and is then reground to pass through 
a 1/16 inch screen. The finely ground material is then extracted a third 
time. All the alcohol extracts are combined and concentrated at atmos- 
pheric pressure to 2 to 4 liters in a 10 gallon steam-jacketed still. 

The concentrated extract obtained from extraction of wet plant material 
usually contains less than 50 per cent alcohol by volume. On standing, 
considerable precipitation of colloidal material takes place. The extracts 
are therefore heated and filtered on a Biichner funnel, with large quantities 
of filter aid. The resultant filter cake containing insoluble material is then 
stirred with boiling 50 per cent ethanol and filtered. The filter cake is 
washed several times, and the clarified washes and filtrates are combined. 

The extract is freed of interfering fat-soluble material and plant pig- 
ments by extraction with benzene. The “defatting” is best carried out in 
a continuous liquid-liquid extractor in order to avoid emulsions. Under 
our experimental conditions, 2 to 3 liters of benzene saturated with aqueous 
alcohol are placed in a boiling flask and continuously passed through a 
fritted disk of medium porosity immersed in the aqueous layer. The ex- 
traction process required 4 to 8 hours. 

After the benzene extraction, the benzene is washed once with | liter of 
50 per cent ethanol (separatory funnel), and the alcoholic aqueous layer is 
combined with the main benzene-extracted alcoholic fraction. The ben- 
zene is discarded. 

The benzene-extracted aqueous alcohol solution is concentrated to re- 
move as much alcohol as possible and yet remain free flowing. To the 
rather turbid aqueous solution are added 5 gm. of sodium chloride per 100 
ml. of extract and sufficient HCl to make the pH 4.0 to 5.0. These condi- 
tions favor the transfer of saponins into the butanol phase. The extract 
thus obtained is shaken (separatory funnel) four times with butanol satu- 
rated with water; 0.5 volume of butanol to 1 volume of extract is used for 
each extraction. The butanol layers are combined and washed once with 
1 liter of 5 per cent aqueous sodium chloride solution. The washings are 
extracted with 0.5 liter of-putanol. The aqueous layers are then discarded. 
A quantity of water equal to half the volume of butanol is added to the 
butanol-saponin extract. The two-phase system is concentrated at atmos- 
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pheric pressure to a volume of 500 to 1500 ml. Under these conditions, 
the butanol is driven off in a constant boiling mixture and can be reused. 
To the aqueous, turbid, saponin solution is added sufficient 95 per cent 
ethanol so that the final solution is 25 per cent ethanol by volume. Addi- 
tion of alcohol increases the solubility of the saponins and also reduces 
foaming during the subsequent hydrolysis step. 

Sufficient technical, concentrated hydrochloric acid is added to the aque- 
ous saponin solution to make it 4 nN. The solution is refluxed for 3 to 4 
hours, cooled, and filtered, and the crude, tarry sapogenin precipitate is 
washed with 50 per cent aqueous ethanol. 

The precipitate is refluxed for 1 hour with a mixture of 3 liters of benzene 
and 1 liter of methanol containing 200 gm. of potassium hydroxide. The 
solution is cooled and filtered, and any residue is washed with hot benzene 


TABLE I 
Butanol Extraction of Steroidal Saponins from Aqueous Solutions 
System, 5 ml. of butanol and 5 ml. of water, mutually saturated. 


| | Per cent in butanol 
Saponin Quantity -—. Total recovery 


Extraction Extraction 2 |Extraction Extraction 4 
Digitonin... .... 109 | 97 1.4 0.2 0.1 98.7 
113s 2.2 0.9 | 0.3 97.4 
Gitonin ... 108 | 86.5 82 | 25 | 36 99.2 
Sarsasaponin......| 83 70.5 17.8 | 4.7 | 10 | 94.0 


containing 10 per cent ethanol. The filtrate and washings are combined, 
1 liter of water is added, and the aqueous layer is drawn off. The aqueous 
layer is then twice reextracted with 1 liter of benzene each time. All the 
benzene solutions are combined and concentrated to dryness. The resid- 
ual, usually tan, solids are a mixture of one or more sapogenins with about 
50 per cent resinous material. 

Since most sapogenins are quite insoluble in cold acetone, methanol, or 
hexane, much resinous material can be removed by triturating the finely 
ground crude sapogenin with one of these solvents and filtering. The pro- 
cedure and solvent vary from sample to sample and must be used with 
caution. The filtrate should always be evaporated and examined for the 
presence of appreciable quantities of sapogenins by means of crystallization 
and chromatography. 

The procedure described above has been carefully checked. It has been 
found that the first alcoholic extraction removes 75 to 85 per cent of the 
total saponins extracted (based on sapogenin assay). The second and 
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third extractions account for the residual material. Further extractions 
yield negligible quantities. Similar results were found with Dvioscorea, 
Yucca, and Agave species, the most common sapogenaceous plants. Small 
scale analytical extraction studies gave the same type of data as large scale 
experiments. 

The extraction of saponins from aqueous solution with butanol has 
proved quite satisfactory. The solution must be neutral or acid, since 
extraction from alkaline media gives poor yields. The butanol extraction 
separates saponins from sugars and proteins and thus markedly reduces tar 
and resin formation in the subsequent acid hydrolysis. Table I shows that 
water-saturated butanol will quantitatively remove pure saponins from 
aqueous solution. 

Separation of Sapogenins 


Structural Differences—More than 25 steroidal sapogenins have been de- 
scribed (1, 2,4). The structure of smilagenin, a typical example, is shown 


CH; 


SMILAGENIN 


in the diagram. The most common variants are ring inversion at C2», ¢is 
or trans hydrogen isomerism at Cs, unsaturation between C,; and C¢ or 
between Cy and Cy, presence of carbonyl] at Cy, and additional hydroxy! 
groups at Co, Ce, or Cie. 

Previous separations of sapogenins have been based principally on differ- 
ences in solubility of the various sapogenins or their acetates in solvents 
such as ether, acetone, methanol, or acetic anhydride (1). These proce- 
dures were carried out with large quantities (100 to 500 gm.) of sapogenins. 
We have been unable to duplicate these results with quantities of total 
sapogenins ranging from 1 to 25 gm. 

Chromatographic Procedure—Merck or Alcoa activated alumina was used 
as an adsorbent. 10 to 20 times as much adsorbent as sapogenin were used 
to eliminate possible break through. 

The crude sapogenin is stirred with 500 to 1000 ml. of hot benzene con- 
taining 2 per cent chloroform. The solution is cooled and filtered, and the 
filtrate is then placed on the column. Any residual precipitate is washed 
with more benzene-2 per cent chloroform and is passed through the column. 
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Elytion with benzene-2 per cent chloroform is then continued in the usual 
manner until no more sapogenin is eluted (Fraction 1). The chloroform 
concentration is then increased to 20 per cent (Fraction 2), and finally 20 
per cent ethanol in benzene (Fraction 3) is used. The eluent is collected 
in 250 ml. fractions which are evaporated to dryness. Melting points are 
taken, and appropriate preliminary combinations of fractions are made. 

In this manner three fractions consisting respectively of monohydroxy 
non-ketonic (Fraction 1), monohydroxy ketonic (Fraction 2), and dihy- 
droxy sapogenins (Fraction 3) are separated. To separate dihydroxy ke- 
tonic from non-ketonic sapogenins, it is necessary to convert Fraction 3 to 
the acetate. Alumina or preferably Florisil is used as the adsorbent. The 
acetates are taken up in hexane containing 20 per cent benzene. Non- 
ketonic sapogenin acetates are eluted with this mixture and ketones with 
benzene or benzene-chloroform mixtures. 


Identification of Sapogenins 


Prior to further identification, the various chromatographic fractions are 
combined on the basis of rough melting points and adsorption behavior. 
Monohydroxy non-carbonyl compounds usually melt below 210°. These 
are crystallized from methanol or from methanol-benzene if difficultly sol- 
uble in boiling methanol. Almost all sapogenins that melt above 210° are 
ketonic or dihydroxy. ‘These are best crystallized from ether-methanol. 

Acetates are made routinely on all fractions by refluxing the genins for 
| hour with an excess of acetic anhydride containing a few drops of pyridine. 
The solution is cooled, and the genin acetate is filtered off and recrystal- 
lized from methanol. 

Melting Point—The melting points of the genins and their acetates were 
determined with a Kofler microscopic melting point apparatus having po- 
larizing disks. Not only can the melting points be determined accurately, 
but also the crystal form or habit can be observed. At times this latter 
property is useful in identifying the compound. Mixed melting points 
with known compounds can be used as a tentative aid in identification (1). 
The method is none too reliable, particularly if the unknown is even slightly 
impure. 

Specific Rotation—The specific rotations in chloroform of all genins and 
their acetates were determined. The rotations were determined at 25° 
(sodium lamp) at a concentration of 6 to 10 mg. per ml. 2 and 4 dm. 
micro polarimeter tubes were used. 

The specific rotations of the sapogenins and their acetates are properties 
useful in identification. In some cases the two rotations constitute a 
unique means of identification. In other cases, particularly if the sapo- 
genin has been given a preliminary group classification (monohydroxy, 
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dihydroxy, etc.), rotations can be used to determine specific features of the 
molecule. 

For example, unsaturation in sapogenins can be determined more easily 
by specific rotation than by any other method, the infra-red absorption of 
an ethylenic bond being extremely weak (5). Table II shows that the 
rotation of diosgenin is much more negative than that of any of its mono- 
hydroxy saturated analogues. Similarly, compare yuccagenin with gito- 
genin, kammogenin with manogenin, 9-dehydrohecogenin with hecogenin, 

Infra-Red Data—Infra-red absorption spectra of the sapogenins and their 
acetates are of great value in characterizing sapogenins. A Beckman 
model IR-3 infra-red spectrophotometer' was used in our work. The chief 
uses of the method are as follows: 

“Finger-Print’’ Region—The portion of the spectrum between 700 and 
1400 cm. (14 to 7 ») can be used to characterize the individual sapogenins, 
and unknown sapogenins can be identified by comparison with a file of 
known sapogenin spectra. In this region sapogenins are best characterized 
as their acetates in carbon disulfide. Concentrations of 10 gm. per liter 
are used in 1.0 mm. cells. Free sapogenins can also be used in chloroform, 
at 25 gm. per liter in 0.5 mm. cells, but are less satisfactory. A paper in 
preparation will give finger-print spectra of the most common sapogenins. 

Determination of Isomerism at Cs;—Jones et al. (9) have shown that steroid 
acetates give either single or multiple absorption bands in the region 1200 
to 1300 cm." (8.3 to 7.7 uw), depending on the relative configuration of the 
3-hydroxy and 5-hydrogen groups. We find exactly the same effects with 
sapogenin monoacetates as they found for simpler steroids. A single band 
at 1242 to 1244 em. (8.05 to 8.04 yu) is found for all the trans or unsatu- 
rated sapogenin monoacetates listed in Table II and a multiple band for 
the cis compounds. Since both cis and trans dihydroxysapogenin acetates 
give a multiple band in this region, the dihydroxy compounds cannot be 
differentiated with certainty by this method. 

Determination of Isomerism at C22—In studies at this laboratory, detailed 
in a paper in preparation, it has been found that sapogenins with ‘‘normal” 
or “iso” structures at C22 can be differentiated. All isosapogenin acetates 
show strong absorption bands near 865, 900, 920, and 981 em.~! (11.55, 11.1, 
10.85, and 10.19 x»), with the 900 band much stronger than the 920 band. 
The acetate of sarsasapogenin, the only commonly occurring normal sapo- 
genin, has strong bands at 851, 896, 921, and 986 em.—! (11.75, 11.2, 10.86, 
and 10.14 »), with the 921 band much stronger than the 896 band. Similar 
compounds with the terminal sixth ring opened have only weak absorption 
in this region, indicating that these four bands may be due to the terminal 
ring only. From the relative strengths of the bands near 900 and 920 
cm.—!, normal and isosapogenins can be readily distinguished, with con- 
firmation from the positions of the remaining two bands. 
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Compound* 


Diosgenin 
Sarsasapogenin 
Smilagenin 
Tigogenin 


Hecogenin 


9-Dehydroheco- 


genin 


Gitogenin 
Chlorogenin 
Yuccagenin 


Samogemin 


Manogenin 


9-Dehydromano- 


genin 
Kammogenin 
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M.p. (Kofler) chloroform, | 


Genin “Acetate Genin 


245 


TABLE Il 
Constants of 


Specific rotation,t 


jum arc 


| Acetate ate Cs Cee 


Monohydroxy, non-ketonic 


°C. degrees 
202 —121 —123 Iso 
145 —78 —70 Cis Normal 
150 —73 — 60 Iso 
204 — 67 —73 Trans 


ketonic 


245 +10 —1 Trans _ Iso 


Dihydroxy, non-ketonic 


243 —75 —98 Trans _ Iso 
155 —45 — 38 
178 —120 —139 
199 —74 —84 Cis 


ketonic 


—45 Trans Iso 
263 T —16¢ —62T ” 
259 —83 
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Configuration and structure — 


A5-38-Hydroxy 
38-Hydroxy 


2,38-Dihydroxy 


12-Keto-2, 38- 


12-Keto-38-hy- 


droxy 
A%-12-Keto-3,- 


38, 6a-Dihydroxy 
A5-2,38-Dihy- 


droxy 


2,38-Dihydroxy 


dihydroxy 
A*-12-Keto-2, 38- 

dihydroxy 
A5-12-Keto-2, 38- 

dihydroxy 


* The compounds listed in this table are named according to the nomenclature 
Several new nomenclature systems have recently appeared 


of Marker et al. (1). 


(6, 7). 


Since the question of naming sapogenins is still not completely resolved, 


we prefer to use the widely known older system. 


t Most of the rotations are from our experimental data, the solvent being chloro- 
form. The rotations followed by ¢ were taken from the data of Wagner et al. (8). 
These were obtained with dioxane as the solvent. 


approximately 10° more positive than chloroform. 


Dioxane gives a specific rotation 
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200 
184 
206 
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272 
| 276 
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202 
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Determination of Carbonyl-Containing Sapogenins—Unconjugated car- 
bony] and a,f6-unsaturated carbonyl! are readily determined in sapogenins 
in the 1700 cm.— (6u) region of the spectrum. Jones et al. (10-12) found 
that the frequency of the carbonyl-stretching vibration is a function of its 
position in the steroid molecule and of the nature of the near-by functional 
groups. Of the possible carbonyl types, only two are of importance in 
plant .sapogenins: an unconjugated ketone group on Cy. and a 12-ketone 
group conjugated to a A’: " olefinic group. In agreement with the findings 
of Jones et al. for simpler steroids, we find that ketosapogenins have a single 
absorption band in the range 1705 to 1715 cm. (5.87 to 5.83 yw) and that 
a, 8-unsaturated ketosapogenins have two bands at 1600 to 1605 em.~! (6.25 
to 6.23 uw) and 1673 to 1679 cm.—' (5.98 to 5.96 yz). 

The carbony] determination is carried out on the sapogenins in chloro- 
form at 15 to 25 gm. per liter in a 0.5 mm. cell. Acetates of the sapogenins 
should not be used because of interference from the acetate carbonyl] band. 
It is essential that chloroform from the same bottle be used as a blank, 
because different batches of A. C. S. grade chloroform sometimes have 
different transmissions in this region of the spectrum. We have used heco- 
genin and 9-dehydrohecogenin as reference substances. Provisional values 
of their molar absorptivities? are 424 for hecogenin at 1705 cm.—! and 468 
for 9-dehydrohecogenin at 1675 cm.—'. Unknowns can be analyzed by 
comparing their molar absorptivities with those of these reference sub- 
stances. The 1600 to 1605 cm. band is too weak and variable to be suit- 
able for quantitative analysis of unknowns. For mixtures containing car- 
bonyl bands at more than one frequency more accurate analyses can be 
obtained by using integrated intensities rather than maximal absorptivities 
(13). 

Conversion to Known Compounds—This is rarely a necessity. As a pre- 
cautionary check, 100 to 200 mg. samples of all carbonyl unknowns are 
subjected to Wolff-Kishner reduction by the method of Huang-Minlon 
(14). Under the experimental conditions, hecogenin and manogenin are 
reduced in excellent yields to tigogenin and gitogenin. Under these con- 
ditions, 11-keto compounds should not react or should give poor yields 
(14). Hydrogenation, oxidation with chromic acid (1), and reduction with 
sodium (1) and lithium aluminum hydride (15) are also occasionally useful 
for confirmatory purposes. 

Other Techniques—Ultraviolet absorption is useful for determining a,f- 
unsaturated ketones because of the characteristic strong band (molar ab- 
sorptivity, « = 11,000) at 238 my. A non-conjugated carbony! group has 
only a weak maximum (e about 50) at 285 mu, and this has proved so sub- 


2 Molar absorptivity (or molar extinction coefficient) = absorbance (or optical 
density) divided by cell thickness in cm. and by concentration in moles per liter. 


— 


0 
of 
se 
ac 
ra 
sa 
Se 
(Cg 
fi 
ae 
by 
in 
is 
tl 
he 
ST 


WALL, KRIDER, ROTHMAN, AND EDDY o41 


ject to interference that the ultraviolet method was discarded as a means 
of carbonyl assay. 

Carbon and hydrogen determinations are rarely required unless the pres- 
ence of a new or unusual sapogenin is suspected. A few spot checks with 
carefully purified sapogenins have given results that agreed well with the- 
oretical values. 


Correlation of Data 


Table II gives melting points, specific rotations, and configuration data 
of the sapogenins studied. A number of other sapogenins have been de- 
scribed (1, 2, 4), most of which are rare. 

Since, in most cases, the various properties of the sapogenins and their 
acetates can be correlated, at least a tentative identification can be made 
rapidly. It should be emphasized that relatively small quantities of other 
sapogenins or non-sapogenin substances will markedly affect melting points, 
but usually will not greatly alter other physical properties. Slight im- 
purities can lower melting points from 5° to 15°. 

A brief description of the data used to identify rapidly the most common 
sapogenins is presented below. 

As described previously, on the basis of adsorption behavior, the genins 
can be divided into monohydroxy non-ketonic, monohydroxy ketonic, di- 
hydroxy non-ketonic and dihydroxy ketonic. Trihydroxy compounds are 
rare but would behave like the dihydroxy compounds. 

Monohydroxy Non-Ketonic—Absence of the carbonyl group can be con- 
firmed by infra-red spectrophotometry. Diosgenin and tigogenin are 
sharply differentiated from sarsasapogenin and smilagenin by the melting 
points of their acetates. Diosgenin is well differentiated from tigogenin by 
specific rotation. Sarsasapogenin and smilagenin are best differentiated 
by infra-red determination of C22 configuration. 

Monohydroxy Ketonic—The presence of carbonyl can be confirmed by 
infra-red absorption. Hecogenin and its 9-dehydro analogue are the only 
examples we have found in this classification. The 9-dehydro component 
is usually found in small quantity along with the main component heco- 
genin. It is easily detected by infra-red or ultraviolet spectrophotometry. 
We have never found botogenin (16) in our Dioscorea samples. If present, 
the compound could be differentiated from hecogenin by its specific rota- 
tion, which would undoubtedly be more negative because of its A® unsatu- 
ration. A slightly positive specific rotation is almost a sure indication of 
hecogenin. 

Dihydroxy Non-Ketonic—Absence of carbony] can be shown by infra-red 
spectrophotometry. Yuccagenin is identified by the unusually low melting 
point of its acetate and high negative specific rotation. Gitogenin and 
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chlorogenin are sharply differentiated by the differences in the melting 
points of their acetates. Samogenin is distinguished from other dihydroxy 
genins by the low melting point of its genin. The configuration at C2», 
determined by infra-red absorption, would help differentiate it from some 
of its isomers (1) which we have not yet encountered. 

Dihydroxy Ketonic—The presence of carbonyl] is confirmed by infra-red 
measurements. Manogenin is sharply differentiated from kammogenin by 
rotation differences. 9-Dehydromanogenin is usually a trace contaminant 
in manogenin. It is identified in the same manner as 9-dehydrohecogenin. 


SUMMARY 


- Methods for extraction, isolation, and identification of steroidal sapo- 
genins have been presented. The saponin precursors are extracted from 
wet plant tissue with 90 to 95 per cent ethanol. The concentrated extract 
is freed of fats and lipides by benzene extraction. Saponins are extracted 
with butanol from the aqueous residue, and, after concentration, hydro- 
lyzed to sapogenins with 4 n hydrochloric acid. The sapogenins are ex- 
tracted from the hydrolysis mixture with benzene and further purified by 
hot methanol-potassium hydroxide and ether trituration. The purified 
sapogenins are adsorbed on alumina and resolved into four groups: mono- 
hydroxy non-ketonic, monohydroxy ketonic, dihydroxy non-ketonic, and 
dihydroxy ketonic. The sapogenins thus isolated are further identified by 
melting points, specific rotations, and infra-red spectra. 
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THE METABOLISM OF EPINEPHRINE CONTAINING 
ISOTOPIC CARBON. II* 


By RICHARD W. SCHAYER, ROSA L. SMILEY, ano E. H. KAPLAN 


(From the Rheumatic Fever Research Institute, Northwestern University Medical 
School, Chicago, Illinois) 


(Received for publication, March 4, 1952) 


In a previous publication (1), evidence was presented indicating that a 
major pathway of epinephrine metabolism involved cleavage of the mole- 
cule at some point between the §-carbon and the methyl carbon. The 
presence of ether-soluble substances in urine suggested that methylamine 
was split off, at least to some extent. A minimum of five urinary metabo- 
lites of epinephrine has been revealed by paper chromatography (2). 
The interpretation of these data, however, was complicated by the use of 
dl-epinephrine, employed because of the unavailability of the natural / 
isomer possessing adequate radioactivity. There was thus no assurance 
that some of these observations were not attributable to the unnatural 
d isomer and hence unrelated to the metabolism of physiological epi- 
nephrine. Recently we have synthesized methyl-C''-dl-epinephrine of 
higher specific activity and prepared its / isomer as well as the | isomer of 
8-C-epinephrine. Using the two types of radioactive l-epinephrine we 
have confirmed previously reported metabolic studies and have found no 
observable differences in the fates of l-epinephrine and dl-epinephrine in 
the rat. Evidence is also presented to demonstrate that methylamine is 
split from epinephrine. 

EXPERIMENTAL 


Synthesis of Methyl-C'*-dl-epinephrine—Radioactive barium carbonate! 
was converted to sodium cyanide (3) which was catalytically hydrogenated 
to methylamine as described by Jones and Skraba.? Adrenalone was 
prepared in a closed system from methylamine hydrochloride (3 parts by 
weight) in water (4 parts), by distilling aqueous methylamine into a flask 
containing chloroacetyl catechol (2 parts) and permitting the reaction to 
proceed 20 hours under nitrogen. Isotopic methylamine hydrochloride 
was recovered and the entire process repeated several times. Adrenalone 


Pe . Supported in part by a research grant from the United States Public Health 
rvice. 

1 Radioactive barium carbonate was obtained on allocation from the Isotopes 
Division, United States Atomic Energy Commission. 

* Jones, A. R., and Skraba, W. J., Syntheses of methylamine-C™ and diazometh- 
ane-C'4’, Performed under contract No. W-7405-eng-26 for the Atomic Energy 
Commission. Available from the Oak Ridge National Laboratory. 
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was converted to epinephrine as previously described (4). The activity 
of the methyl-C"-dl-epinephrine was 1.30 X 10° c.p.m. per mg. measured 
with a flow counter. Criteria of purity of epinephrine synthesized by this 
method have been published (2). 

Resolution of dl-Epinephrine—A portion of the methyl-C'*-dl-epinephrine 
was diluted with non-isotopic dl-epinephrine to give 145 mg. Resolution 
as l-epinephrine-d-bitartrate® followed the method of Flacher (5). After 
three recrystallizations from methanol, 32.4 mg. of the salt, m.p. 146- 
—146.7°, were obtained; Flacher found a melting point of 149° for the pure 
compound. Free epinephrine, 15.3 mg., was precipitated by addition of 
ammonia to an aqueous solution of the salt. 5.08 mg. of epinephrine were 
dissolved in 0.300 ml. of 0.3 N HCl, the observed rotation in a 1 dm. micro- 
polarimeter tube being —0.822° at 25°; [a]? = —48.6°. Flacher reported 
[a]i*-® — —51.4° (5); we have found for pure l-epinephrine [a]? = —52.7°. 
Based on the value of —52.7°, the methyl-labeled epinephrine contains 
96 per cent of the 1 isomer. The activity was 2.08 * 10° c.p.m. per mg. 

For the resolution of 8-C''-dl-epinephrine the use of a larger quantity 
(183 mg.) permitted an additional recrystallization yielding 21.6 mg. of 
l-epinephrine-d-bitartrate, m.p. 147.9-148.5°, and 11.1 mg. of epinephrine, 
[a]? = —51.0°, indicating about 98 per cent purity. The activity was 
7.2 X 10* c.p.m. per mg. 

Assay of Urine for Radioactwity—In order to reduce errors in assay due 
to uneven surfaces in plating of samples, and due to the use of large factors 
required in correcting to zero thickness, all urine samples were assayed at 
infinite thickness. After ascertaining the amount of dry residue in each 
urine sample, a volume sufficient to give a residue of 90 mg. (20 mg. per sq. 
cm. for the plates used) was plated. If the weight varied from 90 mg., a 
small, experimentally derived factor was applied to correct to 90 mg. 
thickness. The radioactive solutions administered to animals were assayed 
by addition of a known amount to a volume of normal rat urine containing 
90 mg. of dry residue. All counts were made in a flow counter. 

Comparison of Percentage Excretion of C in Urine after Administration 
of Methyl-C-l-epinephrine and were injected 
intravenously with 0.05 y of labeled /-epinephrine per gm. of body weight 
and urine was collected quantitatively for 17 hours from each rat sepa- 
rately. Urine was assayed as described above. The percentages of total 
C excreted in urine after administration of methyl-C'*-l-epinephrine were 
67, 63, 52, 69, 67, 49, 67, 57, 70, and 50, averaging 61. The previously 
published figure obtained with methyl-C''-dl-epinephrine in the combined 


*1-Epinephrine-d-bitartrate was supplied by the Sterling-Winthrop Research 
Institute, to which the authors are greatly indebted. 
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urine of six rats after 19 hours was 61 per cent (1). After administration 
of B-C'4-l-epinephrine, the amounts excreted were 95, 100, and 106 per 
cent. ‘The previously published figure obtained with 6-C'‘-dl-epinephrine 
for the combined urine of six rats after 19 hours was 100 per cent (1). 

Percentage Excretion of C“ in Urine after Administration of Radioactive 
Methylamine H ydrochloride—After intravenous injection of rats with 0.01 y 
of methylamine hydrochloride per gm. of body weight, the percentages of 
radioactivity excreted in urine (not including radioactivity due to un- 
changed methylamine‘) were 20, 23, 17, and 19, averaging 20. 

Formation of Methylamine from Epinephrine in Vitro—Amine oxidase 
was prepared essentially according to the procedure of Alles and Heegaard 
(6) by homogenizing rat liver in a Potter-Elvehjem homogenizer with 2 
volumes of 0.1 m phosphate buffer, pH 7.4, centrifuging, dialyzing the super- 
natant against distilled water for 5 hours, bringing the pH to 6.0, centrifug- 
ing, and suspending the residue in 1 volume of 0.1 m phosphate buffer, pH 
7.4. Oxidations were carried out in air at 30° in the presence of semicar- 
bazide (to stabilize the aldehyde produced) and of potassium cyanide (to 
reduce autoxidation). Labeled epinephrine was incubated with the en- 
zyme and the above components for 2 hours; then a solution of non-iso- 
topic epinephrine (to retard the autoxidation of the small amount of isotopic 
epinephrine) was added, followed by a solution containing 97 mg. of carrier 
methylamine hydrochloride. Finally, the mixture was made alkaline with 
sodium bicarbonate solution and immediately frozen for lyophilization. 
Volatile constituents were evaporated from the frozen state in vacuo and 
caught in a trap containing hydrochloric acid and cooled in liquid air. The 
methylamine hydrochloride thus obtained was converted to its p-toluene- 
sulfonamide and recrystallized from two different solvents to constant 
radioactivity. The results are shown in Table I. 

‘A considerable amount of intravenously injected methylamine is excreted un- 
changed in the urine of rats. In one experiment five rats received 0.05 y of C'- 
methylamine hydrochloride per gm. of body weight and urine was collected directly 
in acid for 4 hours. By assaying the urine with and without addition of ammonia, 
it was found that 65 per cent of the urinary radioactivity (equivalent to about 25 
per cent of the injected radioactivity) was lost from the ammoniacal urine, owing 
presumably to loss of methylamine. Similar experiments with methyl-labeled 
epinephrine urine failed to demonstrate the presence of methylamine. However, 
under these conditions methylamine may be formed so slowly that it is com- 
pletely metabolized. Rats injected subcutaneously with minute amounts of C™- 
methylamine hydrochloride expired 30 per cent of the total radioactivity as carbon 
dioxide in 4 hours and 42 per cent in 6 hours; no free methylamine was present in 
expired air. As methylamine is readily oxidized to carbon dioxide, it might be ex- 
pected that the urinary metabolites would include urea and a large number of trace 
substances which had picked up this labile carbon. 
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Methylation by Epinephrine and Methylamine in Vivo®—To test the 
methylating behavior of the methyl carbon of epinephrine and methyl- 
amine, three rats were injected subcutaneously with 1.0 y of methy]l-C™. 
dl-epinephrine per gm. of body weight and urine was collected 24 hours at 
0°. Toa large volume of urine were added 100 mg. of creatinine as carrier 
and then an excess of picric acid in alcoholic solution. After one recrystal- 
lization of the potassium creatinine picrate from water, with a large quantity 


TABLE I 
Formation of Methylamine from Epinephrine by Incubation with . Amine Oxidase 


Per cent of 


Substrate | Weight of substrate as methylamine 
Methyl-C#- 117 | 60 
| 117 3 


* Boiled enzyme. 


TaB_eE II 

Per Cent of Total Radioactivity in Ether-Extractable Fractions in Urine 

of Rats Injected Intravenously with 0.05 y per gm. of Body 
Weight of B-C'-l-Epinephrine or B-C'4-dl-Epinephrine 


| 


Fraction I | Fraction II | Fraction III | Fraction 1V 
4 | dl 3 | 3.2 2.8 0 1.6 


of norit, the radioactivity reached a low constant figure. The percentage 
of total urinary radioactivity found as creatinine was 0.4 per cent. Ina 
similar experiment two rats were injected subcutaneously with 0.50 y of 
methylamine hydrochloride per gm. of body weight, urine was collected 
for 24 hours, and the creatinine found to contain 1.2 per cent of the total 
urinary radioactivity. The results of both experiments were confirmed. 

Radioactivity in Ether-Extractable Fractions of Urine after Administration 


5 After incubation of methyl-C'‘-epinephrine with homocysteine in the presence 
of liver or adrenal homogenates under conditions favoring transmethylation (7), 
isolated carrier methionine contained no radioactivity. Similarly, transmethyla- 
tion could not be demonstrated with methylamine. 
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of B-C'4-l-Epinephrine and B-C''-dl-Epinephrine—After intravenous injec- 
tion of both types of 6-labeled epinephrine at a level of 0.05 y per gm. of 
body weight to groups of rats, ether-soluble fractions were assayed as previ- 
ously described (1). The results are shown in Table II. 

Chromatography of Urine—Paper chromatograms, developed in 4 parts 
of butanol, 1 part of acetic acid, and 1 part of water (8) were run on urine 
collected for 4 hours from a 125 gm. female rat injected subcutaneously 
with 2.5 y of methyl-C"*-l-epinephrine per gm. of body weight (Fig. 1) and 
on the combined urines collected for 6 hours from two 105 gm. male rats 
injected subcutaneously with 0.50 y of methyl-C"-dl-epinephrine per gm. 
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Fig. 1. Radioactivity on paper chromatogram of urine from rat injected sub- 
cutaneously with 2.5 y of methyl-C'*-l-epinephrine per gm. of body weight. 

Fig. 2. Radioactivity on paper chromatogram of urine from rats injected sub- 
cutaneously with 0.50 y of methyl-C'-dl-epinephrine per gm. of body weight. 


of body weight (Fig. 2). The paper strips were cut into 1 cm. segments, 
counted in a flow counter, and corrected for background only. 


DISCUSSION 


The data presented in this study do not reveal any significant difference 
between I- and dl-epinephrines with respect to urinary excretion of C%, 
formation of methylamine in vitro, ether-soluble fractions, and chromato- 
graphic patterns. These findings afford the possibility of cautious transla- 
tion of results from studies of the terminal metabolic products of dl-epi- 
nephrine to l-epinephrine. They do not provide information regarding 
the rates at which the two isomers are metabolized. 

It has now been shown that with /-epinephrine, as well as with dl-epi- 
nephrine, a major metabolic pathway involves cleavage of the molecule at 
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some point between the 8-carbon and the methyl carbon. Methylamine 
is probably one, and perhaps the only, fragment formed. 

The finding of low concentrations of radioactivity in urinary creatinine 
after administration of methyl-labeled epinephrine and C'*-methylamine 
is compatible with other indications that methylamine is the fragment 
cleaved from the epinephrine molecule. The data afford no evidence for 
transmethylation by epinephrine; however, they do not eliminate the pos- 
sibility that the methyl group may be lost to some extent either by trans- 
methylation or by oxidative demethylation. Although the position of the 
radioactive carbon in the creatinine molecule was not established, it may 
have entered the methy] position directly from the methyl group of methyl- 
amine or from formate, which may be an intermediate in the oxidation of 
methylamine to carbon dioxide and which is known to be a source of labile 
methyl (9). 

Paper chromatograms of methyl-C'*-epinephrine urines show the pres- 
ence of three radioactive peaks. Free epinephrine, assayed by isotope 
dilution, was present to the extent of 15 per cent in the dl-epinephrine 
urine (equivalent to about 9 per cent of administered radioactivity) and 
29 per cent in the l-epinephrine urine, the high percentages excreted being 
related to the large doses administered. As the R» of epinephrine under 
the chromatographic conditions employed is about 0.50, it is probable that 
the middle peak in both chromatograms is largely due to free epinephrine. 

A chromatogram of methylamine urine showed a large but poorly de- 
fined peak at about &,» 0.20 and a sharp but small peak at Rr 0.57. From 
inspection of this chromatogram it seems unlikely that methylamine me- 
tabolites could account fully for either of the two remaining peaks of the 
methyl-labeled epinephrine urine chromatograms. Therefore, it appears 
probable that, under the conditions of these experiments, epinephrine forms 
at least two metabolites which retain the methyl group. 

The differences in ether-soluble fractions between [- and dl-epinephrine 
urines do not appear to be significant. It is evident, however, that at low 
levels of epinephrine administration these ether-soluble substances occur 
to a smaller extent than was previously found (1) when larger doses of 
epinephrine were used. 

It now becomes possible to propose a tentative summary of the fate of 
epinephrine in the rat, although many of the data were obtained with con- 
centrations of epinephrine greater than physiological. Based on the data 
from methyl-labeled epinephrine, about 50 per cent is inactivated by loss 


6 It has been shown earlier (1) that at low levels of epinephrine administration 
the percentage of free epinephrine in urine is very small. Thus no significant per- 
centage of the radioactivity in the urine of rats given 0.05 y of epinephrine per gm. 
of body weight can be attributed to unchanged epinephrine. 
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of methylamine, presumably through the action of amine oxidase. The 
methylamine is partially oxidized to carbon dioxide, but about 20 per cent 
of its C' (equivalent to about 10 per cent of the originally administered 
C') is excreted in urine as metabolites. The remaining 50 per cent of the 
epinephrine is excreted in urine as at least two metabolites still retaining 
the methyl group. Based on the data from 8-C'-epinephrine, at least three 
additional epinephrine metabolites are formed from the remainder of the 
molecule after demethylamination. Two of these are found in the ether- 
soluble fractions and under normal conditions are minor in amount. Since 
the sum of the ether-soluble substances and the metabolites bearing the 
methyl group accounts for about 60 per cent of the total radioactivity, 
it is necessary to postulate the existence of at least one additional major 
metabolite from which methylamine has been lost. 


SUMMARY 


1. Methyl-C'-dl-epinephrine has been synthesized and its 1 isomer as 
well as the / isomer of 6-labeled epinephrine prepared. 

2. No observable differences in the fates of l-epinephrine and dl-epi- 
nephrine could be detected in several types of experiment. 

3. Formation of methylamine from epinephrine has been demonstrated 
in vitro. 

4, A discussion of epinephrine metabolism is presented. 
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THE EFFECT OF FOOD INGESTION ON INTESTINAL AND 
SERUM ALKALINE PHOSPHATASE IN RATS 


By SANFORD H. JACKSON 
With THE TECHNICAL ASSISTANCE OF Dorts WIGHTMAN 
(From the Department of Pediatrics, Hospital for Sick Children, Toronto, Canada) 


(Received for publication, May 12, 1952) 


A study has been made of the effect of the ingestion of various foods on 
the concentration of alkaline phosphatase in the intestinal mucosa and the 
blood serum in rats. We have confirmed the findings of other investigators 
that fasting will reduce the serum alkaline phosphatase in rats (1-5) and 
that the feeding of fat or of protein but not of carbohydrate will increase 
it (2,5). We have also found that the alkaline phosphatase of the intesti- 
nal mucosa reacts to the ingestion of various foods in the same way as that 
of the serum. In addition, we have found that the alkaline phosphatase 
of both intestinal mucosa and serum is increased by food even when bile is 
excluded from the intestinal tract. 

Flock and Bollman (6) demonstrated that the alkaline phosphatase of 
intestinal lymph was low in the fasting rat and increased after either a fat- 
free meal or the same meal with added fat. The plasma alkaline phospha- 
tase decreased to very low levels when the intestinal lymph was drained off 
continuously. They concluded that the largest part of the plasma alka- 
line phosphatase in the rat is intestinal in origin and reaches the plasma 
viathe lymph. Ina later paper (7) they found that the bile was concerned 
in the “transport and release’”’ of the intestinal phosphatase. 

Little work has been done on the effect of foods on the actual concentra- 
tion of phosphatase in the intestinal mucosa. Bellini and Cera (8) found 
that it was increased during absorption of neutral fats. Lawrie and Yud- 
kin (9) found that it was lower in fasting! rats that had been maintained 
on a high carbohydrate diet than in the rats that had been maintained on 
a high fat or high protein diet. 


Method 


Alkaline phosphatase was determined by a micro modification of the 
phenyl-phosphate method of King and Armstrong (10). The enzymatic 
reaction was carried out at pH 9.4 in a buffered solution of substrate which 
contained 0.005 m disodium phenyl] phosphate, 0.0005 mM magnesium sul- 


1 It was not stated in the paper (9) that the rats were fasting, but this has been 
confirmed in a personal communication from J. Yudkin. 
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fate, 0.05 m Veronal, and 0.02 m sodium carbonate. ‘The reaction was 
conducted for 30 minutes at 37°. 1 unit of phosphatase was that amount 
which would liberate 1 mg. of phenol under these conditions. 

The small intestine from the pylorus to within 1 cm. of the cecum was 
used for the determination of the phosphatase in intestinal mucosa. It 
was removed under ether anesthesia and excess blood was washed off. The 
intestinal contents were completely extruded by laying the intestine on a 
paper towel and running a moistened finger along it. It was not washed 
out because the mucosa would absorb water and the phosphatase concen- 
tration would be reduced in an irregular manner. The intestine was slit 
lengthwise and the mucosa was scraped off on a glass plate with the edge 
of the spatula. It was rapidly weighed and homogenized with 50 ml. of 
water in a Waring blendor. A stainless steel micro cup (precooled in ice 
water) was used. 3 

The apparent phosphatase content of the homogenate was found to in- 
crease somewhat on standing from 4 to 6 hours. It reached a fairly con- 
stant value, which began to drop off appreciably after 24 hours in the 
refrigerator. Phosphatase determinations were carried out during this pe- 
riod of maximum activity. The homogenate was diluted 100-fold with a 
0.1 per cent solution of Duponol C’ just before the determination. The 
use of this detergent did not affect the phosphatase activity but helped to 
maintain an even suspension that gave more reproducible results. 


Results 


The effect of fasting on the level of alkaline phosphatase in the blood 
serum of rats is shown in Table I. Fasting the rats for a period of 24 hours 
depressed the serum alkaline phosphatase to about one-quarter of the con- 
centration originally observed. The yalue remained constant at this level 
for another 24 hours. When the rats were then given a stock ration over- 
night, by morning the serum phosphatase was found to have approached 
the prefasting level. 

Table II shows the effect of feeding glucose, fat, or protein alone on the 
serum phosphatase. In these experiments younger rats were used and it 
appears that the minimum fasting phosphatase level obtainable in these 
rats is considerably higher than in the older rats. It is seen from Table 
II that the feeding of glucose had no effect on the serum alkaline phospha- 
tase. Fat increased the alkaline phosphatase considerably. Protein also 
effected an increase in the serum alkaline phosphatase, but this was some- 
what less than was found in the case of fat. 

Table III shows the effect of the digestion of various foods on the phos- 
phatase of intestinal mucosa. When the rats would consume the ration 


? Du Pont brand of sodium laury] sulfate. 
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voluntarily, they were given the food ad libitum overnight, while a matched 
control group was fasted for the same period. ‘The following morning the 
intestines were removed and the concentration of phosphatase determined. 


TABLE I 
Effect of Fasting on Serum Alkaline Phosphatase 
Serial determinations on a group of six rats, 8 months old. 300 gm. average 
weight. 


Conditions | Mean and range 
| units per 100 ml. 
TaB__e II 
Effect of Digestion of Different Substances on Serum Phosphatase 
| Phosphatase 
Substance fed | Conditions of experiment No. of rats —— ! 
| 
Glucose Average, 6.4 gm. glucose per 4 8* 44.3 43.8 
rat over 5 hr. period 
Fat 3 gm. corn oil per rat by stom- 4 8* 68.5 95.0 
ach tube; blood collected 6 
hrs. later 
Protein Lean dried beef given over- 12 6T 44.1 65.0 
| night ad libitum; average, 5.4 
| gm. per rat | 


* Each rat served as its own fasting control. The test was repeated on each rat. 

t Six of the twelve rats were fasting controls, matched for litter and sex. All 
were killed, after collecting the serum, for the determination of the intestinal phos- 
phatase. 


The only items that were not administered in this way were the corn oil 
and the glucose. These substances were given by stomach tube. It will 
be seen from Table III that the stock ration, the stock ration with added 
corn oil, the ether-extracted stock ration, the lean dried beef, and the ca- 
sein all produced a distinct increase in the concentration of the alkaline 
phosphatase. 2 hours after administration of the corn oil there was no 
increase in the intestinal phosphatase, despite rapid absorption of the corn 
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oil as evidenced by the milky appearance of the lacteals. However, when 
the intestinal mucosa was tested 6 hours after the administration of the 
corn oil, there was a distinct increase in the intestinal phosphatase. Thus 
it appears that the increase in intestinal phosphatase is a relatively slow 
process that proceeds during digestion and absorption. On the other hand, 
there was no increase in the intestinal phosphatase 5 hours after the admin- 
istration of glucose. 

During these experiments on intestinal phosphatase it was noticed that 
the maximum increase occurred in those cases in which the amount of bile 
in the intestinal contents appeared to be greatest. Furthermore, Flock and 
Bollman (7) had demonstrated that when the bile flow was diverted from 
the intestinal tract there was a decrease in the phosphatase in the intesti- 


TaBLe IIT 
Effect of Digestion of Various Foods on Phosphatase of Intestinal Mucosa 


| 


Mucosa alkaline 


Amount No. of rats phosphatase 
Food | 
gm. | units per gm. unils per em. 

oe “* + corn oil, 32% fat.......... 14 7 205 383 

, ether-extracted............. 8.8 8 233 410 
Corn oil, 2 hrs. after administration... ... 2.0 7 188 165 
4.0 6 | 138 | 256 


nallymph. For this reason we undertook the investigation of the effect of 
(1) ligating the bile duct and (2) inserting an external draining cannula in 
the bile duct. 

The effect of ligating the bile duct is shown in Table IV. It was difficult 
to obtain results on intestinal mucosa, owing to development of complica- 
tions such as infection. The preoperative fasting serum phosphatase was 
quite low in all rats. After the ligation there was an increase in the serum 
phosphatase, which persisted from 24 to 48 hours and then subsided to 
about twice the normal fasting level. The rats were given the regular 
stock ration at this time, which they consumed eagerly. The serum phos- 
phatase then rose to levels higher than those that resulted from the ligation 
alone. When the food was removed, the phosphatase again dropped to 
levels approaching the minimum obtained after ligation. It appears there- 
fore that the consumption of food will affect the level of serum phosphatase 
despite the ligation of the bile duct. 
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Table V shows the effect of an external draining cannula. In this case 
the operation itself had no effect on the serum phosphatase. If the rats 
were given no food after the operation, the serum phosphatase remained 
near the initial fasting level. When the rats were given stock ration ad 
livitum, the phosphatase increased about 4-fold. When the food was again 


TaBLeE IV 
Serum Phosphatase in Rats with Ligated Bile Duct 


| | Postoperative* fasting | | 
Bat No. | Preoperative | Intestinal 

Maximum | Maximum Minimum 
| | | Sr 

2 24.2 | 4s 49.5 203 46.1 

7 | 26.8 | 62.4 50 | 163 | 40 339 (Fast- 

8 | 33.4 | 76.5 } 125 _ 87.2 ing) 

9 32.7 | | 108 | 52.6 


*The animals were fasted after the operation until the phosphatase subsided. 
They were then given food and then fasted for a second time. 


TABLE V 
Serum Phosphatase in Rats with External Draining Biliary Cannula 
| 
unils per 100 ml. units per 100 ml. | units per 100 ml. — units per gm. 
10 24.1 | 263 | 77 ‘557 (Fed) 
11 | 19.3 | 149 | 82 | —_— = 
12 27.7 97.3 | 
13 25.6 114 | | 
14 34.8 | 179 73 | 105 (Fasting) 
15 36.5 | 163 | 36 | 279 ” 
18 | 27 102 | 79 | 
19 | 29.2 205 53 | 


*The animals were given food immediately after the operation. They were 
later fasted a second time. 


removed from the rats’ cages, the phosphatase decreased, although not 
to as low levels as during the initial fasting. A few of the rats were again 
given the food, resulting in a second increase of the serum phosphatase. 
The results in Table V are the maxima attained in either feeding period. 
Determination of the phosphatase of intestinal mucosa was carried out 
on four of these rats. Rats 10 and 11 were actively digesting food, whereas 
Rats 14 and 15 were in a fasting state at the time the intestine was re- 
moved. It can be seen that the rats that were digesting food had a higher 
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intestinal phosphatase than those fasting. In fact, the concentration of 
phosphatase in the mucosa of Rat 10 was the highest observed in any of 
these experiments. It appears therefore that the phosphatase of the serum 
and of the intestinal mucosa can be equally affected by the digestion of 
food when bile is excluded from the intestine as normally. 


DISCUSSION 


We have shown that the level of serum alkaline phosphatase can be 
affected by fasting on the one hand or, on the other, by feeding of fat or 
protein. In addition we have shown that the alkaline phosphatase of the 
intestinal mucosa is affected in a similar manner. Flock and Bollman (6) 
have concluded, on the basis of their experiments, that most of the serum 
alkaline phosphatase in the rat is intestinal in origin. Gould (11) reached 
the same conclusion by using the differential inhibitory effect of bile salts 
on intestinal and bone phosphatase to identify the type of serum phos- 
phatase. It would seem reasonable, therefore, to conclude that fluctu- 
ations of serum alkaline phosphatase induced by feeding or by fasting are 
reflections of the concentration of the alkaline phosphatase in the intestinal 
mucosa. When bile was excluded from the intestine, the serum alkaline 
phosphatase could still be caused to fluctuate by giving or withholding 
food, leading one to the conclusion, supported by the few determinations 
of intestinal mucosa actually performed, that the ingestion of food still 
had an effect on the concentration of alkaline phosphatase in the mucosa. 
Flock and Bollman (7) found no increase in the alkaline phosphatase of the 
intestinal lymph after feeding if the bile had been excluded from the in- 
testine. It would appear, in the light of this finding, either that the 
variations observed in serum alkaline phosphatase with feeding or fasting 
are produced concurrently with, but independently of, those of the in- 
testinal mucosa (in which case it would not be intestinal in origin) or that 
the phosphatase of the intestinal mucosa has some means of access to the 
serum other than via the intestinal lymph. In the latter alternative a 
difficulty is presented by the low results for alkaline phosphatase found in 
the plasma by Flock and Bollman (6) when the intestinal lymph was 
drained off continuously. However, it is possible that the intestinal lymph 
and the blood both derive their phosphatase directly from the intestinal 
mucosa and that when the lymph is drained off continuously it depletes 
the mucosa of phosphatase, thus effecting a corresponding drop in the 
serum. Furthermore, the bile may be necessary for the release of the 
phosphatase into the lymph but not for its transfer into the blood. 


SUMMARY 


A study has been made of the effect of fasting and of feeding various 
foods on the intestinal mucosa and serum alkaline phosphatase in rats. 
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Fasting reduces the serum and intestinal phosphatase. 

The feeding of mixed ration, fat, or protein elevates both the serum and 
intestinal phosphatase above the fasting level. 

The feeding of glucose has no effect on either. 

The intestinal phosphatase is not increased 2 hours after giving fat by 
stomach tube, but is increased 6 hours afterward. 

Ligation of the bile duct or introduction of an external draining biliary 
cannula does not change this effect of fasting or feeding on the serum or 
intestinal phosphatase. 
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THE CATALYTIC ROLE OF CARBAMYL GLUTAMATE IN 
CITRULLINE BIOSYNTHESIS* 


By SANTIAGO GRISOLIA ann PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, April 30, 1952) 


We have reported previously (1) that soluble enzyme preparations from 
rat liver catalyze the reaction 


CG was shown to be necessary for the reaction with a partially purified 
system (1), confirming previous data obtained with cruder preparations 
(2, 3).!. However, the mechanism of this reaction was not clear, since CG 
did not disappear during the biosynthesis of citrulline (1). 

Some insight into the mechanism of the reaction was obtained from 
kinetic data (1), indicating an “activation” of CG in proper incubation 
mixtures. This suggested at least a two-step reaction. It was then 
postulated that CG was being converted into a highly reactive intermedi- 
ate, which subsequently would react with ornithine to form citrulline and 
regenerate CG. It was, therefore, indicated that CG served a catalytic 
in Reaction 1. 

This paper presents evidence that Reaction 1 is composed of the two 
steps, Reactions 1, a and 1, b. 


(1, a) CG + CO, + NH; a, le intermediate 


(1, b) Intermediate + ornithine eae citrulline + CG 


The two enzymatic systems required for Reactions 1, a and 1, b, referred 
to in this paper as Enzyme System la and Enzyme System 1b, respec- 
tively, have been separated. Enzyme System la preparations thus far 
obtained are still largely contaminated with Enzyme System 1b. How- 
ever, Enzyme System Ib preparations have been obtained entirely free 
of Enzyme System la. This, has permitted an independent study of Re- 
actions 1, a and 1, b, since Reaction 1, a will not proceed even in crude 
preparations beyond the formation of the intermediate in the absence of 


*Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, and the Rockefeller Foundation. 

' The following abbreviations are used in this paper: CG, carbamyl-.-glutamate; 
ATP, adenosinetriphosphate; PGA, p-3-phosphoglycerate; MP, muscle preparation 
as described by Ratner and Pappas (4). 
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(1) Ornithine + CO, + NH; ATP citrulline 
| 
= 
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ornithine. Conversely, Reaction 1, b depends entirely on the addition of 
the intermediate. Since there is approximately 40 times more activity of 
Enzyme System 1b than of Enzyme System la in crude preparations, there 
is no accumulation of the intermediate when the over-all Reaction 1 is 
studied with such preparations. The catalytic réle of CG has been clearly 
demonstrated for Reaction 1. Synthesis of approximately 40 molar equiv- 
alents of citrulline per molar equivalent of CG has been obtained. An 
investigation of the optimum conditions for Reaction 1, a is presented. 
Since the structurally unknown intermediate termed Compound X formed 
in this reaction is extremely unstable in incubation mixtures, the study of 


TaBLe 
Resolution and Partial Purification of Enzyme Systems Catalyzing Reactions 
1, aand 1, b 
uM per mg. protein per hr. 
(Reaction 1, a) 
meg. 
Acetone powder extract............... 240 1.5 84 
Fraction A (0-17.5% ethanol)......... 65 0.02 36 
" B (17.5-26.7% ethanol)...... 130 2.4 120 
C (26.7-41.2% 34 0.06 258 
” D (0-17.5% ethanol), heated 
Fraction E  (26.7-41.2% ethanol), 
heated at 54° for 3 min.............. | 23 0.0 385 


The fractions were tested for synthesis of Compound X and for synthesis of citrul- 
line from preformed Compound X as indicated in Fig. 4. 


the conditions necessary to obtain maximum yields of Compound X has 
been carried out. Under these conditions crude preparations of Compound 
X have been isolated by fractionation with ethanol or acetone and barium. 
Further purification of about 90 per cent has been obtained by butanol- 
ether fractionation of the cyclohexylamine salt of Compound X (to be 
published). 

Separation of Enzyme Systems 1a and 1b 


Approximately 2-fold purification of Enzyme System la has _ been 
achieved by alcohol fractionation of extracts of acetone powder prepara- 
tions of rat liver washed residues. Acetone powder preparations are ap- 
proximately 4 times as active as the starting material. Yields are about 
90 per cent of the original activity present in the washed residues. This 
fractionation, as illustrated in Table I, provides two other fractions poor 
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in Enzyme System la but containing considerable amounts of Enzyme 
System 1b. These fractions are further purified by heat treatment,? re- 
sulting in purification of 4- to 5-fold over the activity present in the ace- 
tone powder extracts, with a yield of about 50 per cent. No explanation 
has been found as yet for the apparent increase in activity after fractiona- 
tion for Enzyme System 1b. (Activities in Fractions A, B, and C have 
approximately 50 per cent more activity as tested than the starting acetone 
powder extract.) 


Method of Following Synthesis of Compound X 


Aliquots from incubation mixtures containing Compound X are chilled 
in an ice bath and deproteinized with ice-cold 0.56 m HCIO,. After 4 to 5 
minutes the samples are centrifuged at 2000 < g for 3 minutes in the 
refrigerated centrifuge at 2-3°. Aliquots of the supernatant solutions are 
then transferred to chilled tubes and neutralized to about pH 7.2 with 1 M 
ice-cold NaHCO;. Ornithine and Enzyme System 1b preparations are 
added and the samples incubated at 38° in a water bath, followed by de- 
proteinization with 1 m HCIO, and centrifugation. Aliquots of the super- 
natant solutions are then analyzed for citrulline. It was found that there 
is no citrulline synthesis unless the samples containing Compound X are 
incubated with ornithine plus Enzyme System 1b preparations. Further, 
it was observed that these enzyme preparations are totally inactive for 
citrulline synthesis unless supplemented with preformed Compound X. 


Some Properties of Enzyme System 1a 


As shown in previous work, Mgt ions are required for Reaction 1 (1). 
A study of the requirements for these ions shows a similar optimum con- 
centration for Reaction 1, a. However, inspection of Fig. 1, Curve A, 
reveals an initially steep slope in contrast to the smooth sigmoidal curve 
previously reported for the over-all Reaction 1 (1). This finding, in all 
probability, is due to the large excess of Enzyme System 1b (which is not 
Mg**-dependent) present in the partially purified preparations, which in 
the presence of ornithine will shift the reaction towards citrulline synthe- 
sis. Ammonia and bicarbonate concentration curves are also shown in 
Fig. 1 (Curves B and C, respectively). These curves are similar to the 
concentration curves described for the over-all Reaction 1 (1). 

The effect of CG concentration is indicated in Fig. 1, Curve D. The ef- 


? It is possible to obtain preparations of Enzyme System 1b free of Enzyme System 
la simply by incubating enzyme preparations at 38° for about 2 hours in the absence 
of substrates. After 30 minutes the activity for Enzyme System 1a drops to about 
30 per cent and is entirely lost during the next 60 minutes, without appreciably af- 
fecting the activity for Enzyme System 1b. 
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fect of ATP concentration is indicated in Fig. 1, Curve E. It is seen that 
at high concentrations there is an inhibitory effect similar to that described 
by Ratner and Pappas (4). Small amounts of ATP plus an excess of MP 
and PGA, as used by Ratner and Pappas (4), proved to be more effective 
for the synthesis of Compound X, as shown in Fig. 1, Curve F. It should 


1.5 
Q 1.0 Ars 
z B 
2 
Oo 
= 

0.5 
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1 $f f 
re) 10 20 40 80 
COMPOUND ADDED 


Fic. 1. The effect of magnesium, ammonia, bicarbonate, CG, and ATP. The con- 
centrations were varied for each compound, as indicated in the abscissa, the other 
components being kept at the following fixed concentration expressed in micromoles 
per 2 ml.: 10 ATP, 10 magnesium sulfate, 20 sodium bicarbonate, 20 ammonium chlo- 
ride, 10 CG. 25 um of PGA, and 2 mg. of MP were used per tube for the experiments 
of Curve F and for the experiment represented by ®. In all experiments 10 um of 
phosphate buffer, pH 7.2, and 5 mg. of protein of Enzyme System 1a (Fraction B) 
were used per tube in a final volume of 2 ml. Incubation at 38° for 25 minutes. The 
samples were then tested for synthesis of Compound X as indicated in the text. 
@ indicates the amount of citrulline obtained after testing a sample of Compound 
X (obtained with PGA and 4 um of ATP) with Enzyme System 1b (Fraction D) in 
the presence of 20 um of ATP. 


be noted, however, that ATP at high concentrations, even in the presence 
of an excess of PGA, also produces an inhibitory effect. This effect is 
concerned only with Enzyme System la, since it is seen from the results, 
indicated in Fig. 1, that there is no inhibition of Enzyme System 1b by 
equally high concentrations of ATP. PGA and MP concentration studies 
showed, under the conditions indicated in Fig. 2, that saturation for these 
substances is obtained at about 20 per cent lower concentration than that 
actually-used in the experiments of Fig. 2. We have avoided using larger 
concentrations of these substances than needed, since PGA at higher con- 
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centrations shows some inhibitory effect and the muscle preparation con- 
tains some ATPase. 

A study of the effect of time of incubation revealed optimum synthesis 
between 30 to 40 minutes (with ATP) and approximately at 60 minutes 


5.0 Lj 
B 

Oo 
a 
= 
O “ 
U 
1.0F \ 

O 

“0 30 60 90 


TIME IN MINUTES 


Fig. 2. The effect of time of incubation on Compound X synthesis. Each tube 
contained the following expressed in micromoles per 3 ml.: 25 magnesium sulfate, 
30 sodium bicarbonate, 30 phosphate buffer, pH 7.2, 30 ammonium chloride, 15 CG, 
6 ATP (experiments of Curve B), 20 ATP (experiments of Curve A), 60 PGA (experi- 
ments of Curve B). 4.5 mg. of protein of Enzyme System 1a (Fraction B) for Curve 
B, 10 mg. for Curve A, 1 mg. of protein MP for experiments of Curve B. 3 ml. final 
volume. Incubation at 38°. 


TABLE II 
Rate of Spontaneous Decomposition of Compound X 


A3 ml. aliquot containing 5.25 um of Compound X from a large incubation sample 
of the same substrate composition as the samples in the experiments of Fig. 2 was 
incubated, after deproteinization and neutralization of the supernatant solution, for 
2 minutes at 38°, with ornithine and Enzyme System 1b, Fraction D. Similar de- 
proteinized and neutralized aliquots (pH 7.2 to 7.3) were incubated at 38° for the 
time periods indicated in the table and then also analyzed after enzymatic conver- 
sion to citrulline. 


Time | Compound X | K* X 107? 
min. uM 
0 5.25 
30 3.34 1.50 
60 2.08 1.54 
120 0. 1.49 


*K = first velocity constant of decomposition = 1/t In (a/(a—z)) (t = time 
in minutes, a = initial amount of Compound X, z = amount decomposed at time ?¢). 
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(with ATP and PGA), as shown in Fig. 2. The limitations of incubation 
time are due to the fact that Compound X is decomposed in solution ac- 
cording to a first order reaction as indicated in Table II. There is thus 
little advantage in prolonged incubation, since the small increase in synthe- 
sis beyond 60 minutes requires large amounts of PGA which are not de- 
sirable for isolation of the intermediate. Consequently, attempts were 
made to increase Compound X yields by working at lower temperatures. 
However, the enzymatic system possesses such a steep Qio that the reac- 


3.0 
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Q 2.0 “ 
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oe 20° 40° 60° 


TEMPERATURE 
Fic. 3. The effect of temperature on Compound X synthesis. Substrate concen- 
trations and experimental conditions as in the experiments of Fig. 2. 40 minutes 
incubation at the temperatures indicated. Compound X synthesis was tested as 
indicated in the text. 


tion proceeds at a negligible rate at temperatures below 20°, as shown in 
Fig. 3. 

Enzyme concentration studies revealed a linear relationship between 
Compound X synthesis and enzyme concentration, as shown in Fig. 4, 
Curve 1. Therefore, for isolation of Compound X, it is advantageous to 
use large concentrations of Enzyme System la and enough substrate con- 
centration to saturate the system for a 30 to 60 minute interval. 


Properties of Enzyme System 1b 


This preparation catalyzed the formation of citrulline and CG from Com- 


pound -X and ornithine. The reaction proceeds to completion at very | 


low concentrations of enzyme, as seen in Fig. 4, Curves 2 and 3, and is 
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not affected by addition of known cofactors. Enzyme activity is entirely 
destroyed in solution if held at 65° for 2 minutes. 
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Fic. 4. The effect of enzyme concentration on synthesis of Compound X and on 
synthesis of citrulline from Compound X. Substrate concentrations and conditions 
for the experiments of Curve 1 as for the experiments of Fig. 2. 25 minutes incuba- 
tion. Enzyme System lb preparations (Fractions D and E) were tested with Com- 
pound X of about 60 per cent purity in the presence of 10 um of ornithine. Activity 
of Enzyme System 1b preparation (Fraction D) is recorded in Curve 3. Activity of 
Enzyme System 1b preparation (Fraction E) is recorded in Curve 2. Incubation for 
5 minutes at 38°. Final volume for all experiments 2 ml. 


Stoichiometry of Compound X, ATP, CG, Ammonia, and Carbon Dioxide 


The relationship of the components of the incubation mixture and Com- 
pound X was investigated. The requirement of 1 mole of CG per mole 
of Compound X is clearly seen from the results of Table III, showing 
that CG is a limiting factor for the synthesis of Compound X and that 
within certain limits a molar relationship exists between CG and Com- 
pound X. 

The fixation of ammonia and carbon dioxide and the synthesis of Com- 
pound X again indicated a molar relationship, as is clearly seen from the 
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TABLE III 


Stoichiometry of CG, Ammonia, Carbon Dioxide, High Energy Phosphate, and 
Compound X 


Kach tube contained the following expressed as micromoles per 3 ml.: 6 ATP, 50 
PGA, 25 magnesium sulfate, 30 sodium bicarbonate, 30 phosphate buffer, pH 7.2 
(substituted by 60 um of glycylglycine buffer, pH 7.4, in experiments in which phos. 
phate liberation was measured), 30 ammonium chloride, 1 mg. of protein MP, 10 mg. 
of protein enzyme Fraction B; 38°; 30 minutes incubation. When the over-all Re- 
action 1 was measured, 10 um of ornithine were added. 


Ratio, 


| ‘Inorganic | 
| “incor” | incor, Compound phosphate 
formed | 5osme ‘Compound X or citrulline 
uM uM uM uM uM eM | uM uM 
0.5 
1.0 | 1.0 1.1 | | 1.0 | 
2.0 1.9 2.0 | | | 2.0 
3.0 3.1 3.0 | | 2.9 | 
10.0 | 8.5 7.8 4.82 (7.42)t | 1.05 
10.0§ 0.0] 9.0 | 7.8 | | 1.04 


* Ammonia and carbon dioxide fixation were estimated on acid eluates from Com- 
pound X adsorbed on 20 X 8 mm. Dowex 2 columns as previously described, with 
C'+-sodium bicarbonate in the incubation mixture (5). 

t+ The phosphate and pyruvate values have been corrected for the values ob- 
tained in the absence of CG. 

t Corrected for decomposition during incubation. 

§ Ornithine added at 0 time. 

|| No ammonia incorporation can be demonstrated since there is no accumula- 
tion of Compound X when the over-all Reaction 1 is studied. 


TaBLeE IV 
Catalytic Réle of CG in Synthesis of Citrulline 
Each tube contained the following, expressed as micromoles per 3 ml.: 6 ATP, 
50 PGA, 25 magnesium sulfate, 30 sodium bicarbonate, 30 phosphate buffer, pH 7.3, 
30 ammonium chloride, 15 L-ornithine, 1 mg. of MP, 10 mg. of protein enzyme frac- 
tion B; 38°. 


Citrulline formed 


| 
CG added | | Ratios 
| 0 hr 1 hr | 3 hrs | 5 hrs. | 
| pM uM pM | pM 
0.0 0.0 0.0 0.0 | 
0.25 = 0.0 2.3 | 5.9 9.5 | 38 
0.50 7.0 10.9 21.8 
1.00 1 11.90 11.9 
2.00 0.0 | 7.5 | 11.8 11.8 5.9 


* Calculated from the values of citrulline synthesis after 5 hours of incubation. 


to 
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experiments of Table III which also show the stoichiometry between Com- 
pound X formed and ATP (or high energy bonds). It appears that 1 mole 
of ATP (or equivalent high energy bond) is needed per mole of Compound 
X or per mole of citrulline synthesized. 


Catalytic Réle of CG 


The catalytic réle of CG is seen from the data of Table IV. Approxi- 
mately 40 moles of citrulline can be formed per mole of CG present in 
proper incubation mixtures. These data confirmed previous results (5, 6). 


EXPERIMENTAL 


All preparations and analytical methods have been described in preced- 
ing papers (1, 3, 5). 

Separation of Enzyme Systems 1a and 1b and Partial Purification—60 gm. 
batches of rat liver acetone powder* (1) were extracted with mechanical 
stirring for 30 minutes at 0° with 1260 ml. of KCl-bicarbonate mixture 
(1), and the extracts centrifuged at 2000 < g for 20 minutes at 0°. The 
supernatant solution contained approximately 11 mg. of protein per ml. 
Fractionation with ethanol was then carried out essentially as previously 
described (1). Three fractions, A, B, and C, were obtained by stepwise 
addition of 233.5, 210, and 400 ml. of ethanol to 1180 ml. of supernatant 
solution, corresponding to 17.5, 26.7, and 41.2 per cent ethanol, respec- 
tively, followed by centrifugation. The alcohol concentrations were cal- 
culated without correcting for the volume of the precipitate removed 
(about 50 ml.). The temperature during the fractionation and centrifuga- 
tion at the different steps was held at —4°, —9°, and —20°, respectively. 
These fractions were then lyophilized and stored as dry powders. The 
activities of these fractions are indicated in Table I. : 

The fraction obtained by ethanol fractionation between 17.5 and 26.7 
per cent ethanol, Fraction B, although containing Enzyme System 1b, is 
used as such for the study of Reaction 1, a, since ornithine is not added to 
the incubation mixtures. 11 gm. of pooled Fractions A obtained by alco- 
hol fractionation (0 to 17.5 per cent) and 4 gm. of pooled Fractions C ob- 
tained by alcohol fractionation (26.7 to 41.2 per cent) were taken in 390 
and 100 ml., respectively, of water and heated in a water bath kept at 56°. 
It took 5 minutes and 3 minutes, respectively, to reach an inside tempera- 


* The age and nutritional state of the animals used for the preparation of acetone 
powders have been found to be important. Although active preparations have been 
obtained from a variety of rats, it has been found that discarded breeders first used 
in these studies yield less active preparations than young adult rats. Since this re- 
sults in lower enzymatic activities, as well as in differences in behavior during alco- 
hol fractionation, we have adopted as standard technique the use of male rats of 300 
to 350 gm. in good nutritional state. 
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ture of 54°. The enzyme solutions were kept at this temperature for ex- 
actly 3 minutes and were then cooled in an ice water bath. 100 ml. of 
distilled water were then added to each preparation, followed by centrifuga- 
tion at 2000 X g for 10 minutes in the refrigerated centrifuge. The cloudy 
supernatants, Fractions D and E, respectively, were then lyophilized and 
stored as dry preparations in the ice box over calcium chloride. Such 
preparations have proved to be stable over a period of 1 year. Since the 
dry powder preparations contain large amounts of insoluble protein, they 
are suspended in distilled water (10 to 100 mg. per ml.), extracted for 10 
minutes in the cold, and centrifuged for 10 minutes at 2000 X g, and the 
supernatant solutions used as such. 


DISCUSSION 


The data presented in this paper indicate the existence of two major 
enzymatic steps in the synthesis of citrulline from ornithine in the presence 
of CG (5, 6). The first step involves the formation of a carbamy] deriva- 
tive containing ammonia and carbon dioxide (Compound X). The second 
step is concerned with the conjugation of Compound X and ornithine to 
form citrulline and the regeneration of CG. Therefore, CG appears to 
play a catalytic réle in the over-all reaction. 

ATP as well as Mg* ions are required for the first step, Reaction 1, a, 
which obviously must be complex, since it involves phosphorylation as 
well as fixation of ammonia and carbon dioxide. Preliminary evidence 
indicates that there are at least two enzymes required for this step. 

Reaction 1, b, catalyzed by the Enzyme System 1b, does not require any 
added cofactor. Since the reaction involves a condensing and a hydrolytic 
step, it is not clear at present whether both steps are enzyme-catalyzed. 
It is anticipated that studies with more highly fractionated enzymes will 
yield this information. An understanding of the mechanism of Reaction 
1, b will have to await the purification and characterization of Compound 


X. 


SUMMARY 


The over-all reaction ornithine — citrulline in the presence of CG has 
been shown to involve two major enzymatic steps. The first step is con- 
cerned with the synthesis of a derivative of carbamyl glutamate, which is 
enzymatically formed in the presence of ATP, ammonia, carbon dioxide, 


Mgt+, and CG. The second step catalyzes the formation of citrulline — 
from the carbamyl glutamate derivative and ornithine with regeneration — 
of CG. The catalytic réle of CG for the over-all reaction has been demon- ~ 


strated. 
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Some properties of the enzyme systems and of the carbamyl glutamate 
derivative (Compound X) are presented. 
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STUDIES OF ANTIMETABOLITES* 


II. 3-ACETYLPYRIDINE 


By W. T. BEHER, W. M. HOLLIDAY, ann OLIVER H. GAEBLER 


(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, 
Michigan) 


(Received for publication, May 2, 1952) 


When 3-acetylpyridine (3-AP) is fed to dogs, large amounts of a nor- 
mal end-product of nicotinic acid metabolism, N'-methylnicotinamide 
(NMeN), appear in the urine (1). This finding might be interpreted as 
evidence that 3-AP, acting as an antivitamin, displaces nicotinamide from 
its nucleotides or prevents its incorporation therein, or, alternatively, that 
3-AP is biologically oxidized to nicotinic acid and is thus, in a sense, a 
provitamin. In the present study, these conjectures have been tested by 
feeding 3-AP containing an excess of Cin the carbonyl group. If NMeN 
excreted after ingestion of tagged 3-AP arises only from displaced nicotin- 
amide or unutilized nicotinic acid formed from tryptophan, it should not 
contain an excess of C', while if it is derived from nicotinic acid arising by 
direct oxidation of tagged 3-AP, it should contain a large excess of the 
isotope. 


EXPERIMENTAL 


Synthesis of Labeled 3-AP—Nicotinic acid with C® in the carboxy] group 
was synthesized from 3-bromopyridine by carbonation of the lithium de- 
rivative with COs, essentially as described by Murray et al. (2), and was 
converted to ethyl nicotinate. The 3-AP containing C® in the carbonyl 
group was obtained from the labeled ethyl nicotinate by means of a Claisen 
condensation, followed by hydrolysis of the ethyl nicotinylacetate. The 
over-all yield of 3-AP was 55 per cent, based on the amount of C™Oz2 used, 
if allowance is made for the nicotinic acid recovered during the course of 
the synthesis. The details of the procedure follow. 

In a 1 liter 3-necked flask equipped with a carbon dioxide generator and 
dry ice trap, a specially ground mercury seal glass stirrer,’ and a pressure- 
compensated dropping funnel equipped with a cooling bath, was placed 
0.140 mole of freshly prepared n-butyllithium in 40 ml. of absolute ether. 
The flask was cooled to —70° in a dry ice-acetone bath and 23.8 gm. (0.150 
mole) of freshly distilled 3-bromopyridine in 100 ml. of absolute ether kept 


* Presented at the Twelfth International Congress of Pure and Applied Chemis- 
try, New York City, September 10-13, 1951. 
'Truebore mercury seal stirrer, Ace Glass, Inc., Vineland, New Jersey. 
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at —35° were added with stirring during 23 minutes. The yellow suspen- 
sion was stirred for an additional 23 minutes. The apparatus was evacu- 
ated at —70° until the ether boiled and 0.735 mole of carbon dioxide was 
generated, at such a rate that atmospheric pressure was not exceeded, by 
addition of 60 ml. of concentrated sulfuric acid to 14.5 gm. of C'*-labeled 
barium carbonate. The barium carbonate was agitated with a magnetic 
stirrer during the addition of the acid and was heated after all of the sul- 
furic acid was added to insure complete reaction. The last trace of carbon 
dioxide was flushed into the reaction mixture with dry nitrogen until the 
system was at atmospheric pressure. The reaction mixture was immedi- 
ately hydrolyzed with 335 ml. of 2.5 N nitric acid. Impurities were re- 
moved from the reaction mixture by continuous extraction with ether at 
pH 11 and 1.5 in a Koch extractor.2. The nicotinic acid was isolated by 
continuous extraction with ether at pH 3. Recrystallization from meth- 
anol gave 5.88 gm. (65 per cent) of nicotinic acid as almost colorless granu- 
lar crystals; m.p. 236—237°.3 

The nicotinic acid was esterified by a modification of the methods of 
Gilman and Broadbent (3) and Burrus and Powell (4). The yield of the 
ethyl nicotinate was 89 per cent, if allowance is made for nicotinic acid 
(13 per cent) recovered by exhaustive extraction with ether at pH 3. 

The Claisen condensation of ethyl] nicotinate with ethyl acetate was ac- 
complished according to Gilman and Broadbent (3). The crude ethy! nic- 
otinylacetate was not isolated, but the benzene solution was treated with 
an excess of hydrochloric acid, the benzene removed by distillation, and 
the ethyl nicotinylacetate hydrolyzed by refluxing for 23 hours. The 


hydrolysate was made basic and the 3-AP was isolated by exhaustively — 
extracting with ether in a continuous extractor. The residue from the © 


ether extract distilled at 93° (7 mm:) to give a 95 per cent yield of 3-AP, 
if allowance is made for nicotinic acid (17 per cent) recovered from the 
aqueous phase by extraction with ether at pH 3. 

The 3-AP hydrochloride was prepared by addition of benzene saturated 
with hydrogen chloride to a benzene solution of 3-AP and was purified by 
two recrystallizations from methanol-ether to give colorless rods; m.p. 180- 
181° (reported as 176—177.5° (5)). 

C;H;NO-HCl. Calculated, C 53.34, H 5.12, N 8.89; found, C 53.4, H 5.2, N 88 


A small portion of the 3-AP was converted to the picrate derivative and 


after recrystallization from alcohol was obtained as yellow needles; m.p. 


133.5-134.5° (reported as 133.8—134.8° (6)). 


2 Koch extraction apparatus, Scientific Glass Apparatus Company, Bloomfield, , 


New Jersey. 
3 All melting points were taken in a capillary and are corrected. 
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Isolation of NMeN and Other Excretory Products—Combined 24 hour 
urines from the metabolism experiment with labeled 3-AP described below, 
which contained, according to the method of Huff and Perlzweig (7), a 
total of 740 mg. of NMeN, were filtered through Whatman No. 30 filter 
paper. The filtrate, adjusted to pH 4.5 with acetic acid, was treated at 
room temperature with 10 gm. of Merck’s activated charcoal. After 5 
minutes the mixture was filtered. The light colored filtrate was evapo- 
rated to incipient crystallization on a steam bath and was then treated 
with 1 liter of 95 per cent ethanol. The mixture was warmed slightly to 
make sure that all the NMeN had gone into solution. It was then allowed 
to stand overnight in an ice box to insure complete precipitation of inor- 
ganic salts. The mixture was filtered, the filtrate evaporated until crystal- 
lization set in, and the remaining liquid and crystals taken up in distilled 
water. The solution was now passed through a column of Amberlite IRC- 
50 (40 X 2.5 em., good for about 300 mg. of NMeN) at a rate of 7 ml. per 
minute. If the filtrate in such experiments is not free of NMeN, the ex- 
change capacity has been exceeded, and the solution should be passed 
through the column a second time after regeneration. The NMeN was 
eluted from the column by means of 0.1 n HCl, followed by wash water. 
The eluate was freed of acid by passing it through a column of Amberlite 
IR-4B. The resulting solution containing NMeN and very little inorganic 
impurities was acidified with acetic acid, decolorized with charcoal, filtered, 
and evaporated to dryness. Removal of most of the remaining salts from 
the NMeN fraction was accomplished by mixing the residue with absolute 
ethanol and allowing it to stand overnight before filtering the salt. This 
procedure was repeated several times until the alcohol-insoluble salt frac- 
tion showed an assay of 50 mg. of NMeN. The alcohol-soluble fraction 
was not converted to the picrate, as was done in the previous procedure (1) 
and by Huff and Perlzwe‘g (7), but the NMeN was isolated directly. This 
direct isolation was possivle because the ion exchange method already de- 
scribed yielded crude material of low salt content. The direct isolation 
gave an equally good yield of pure NMeN and made possible the isolation 
of other metabolic products of 3-AP. 

The alcohol-soluble red oil assaying 250 mg. of NMeN was allowed to 
stand for several days in the cold and formed yellow granular crystals. 
The crystalline material was recovered by filtration, washed with cold ab- 
solute ethanol, and fractionally crystallized from absolute ethanol. The 
colored impurities could be removed by washing the NMeN with hot pyri- 
dine. A total yield of 85.5 mg. of N'-methylnicotinamide chloride was 
obtained as yellow-tinted crystals; m.p. 240° (reported as 240° (8)). 


C;H»N,OCI. Calculated, C 48.7, H 5.26, N 16.2; found, C 48.9, H 5.3, N 16.4 
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The picrate was prepared in the usual manner (9) and recrystallized 
twice from alcohol; m.p. 192° (reported as 189-189.5°, uncorrected (10)). 
A mixed melting point with authentic NMeN picrate (m.p. 192°) was not 
depressed. 

Metabolism Experiment with Labeled 8-AP—Dog 48, an adult female col- 
lie weighing 14.3 kilos, received 125 gm. daily of Diet 8 described in the 
preceding paper (1). This diet contained 42 per cent of vitamin-free ¢a- 
sein, and niacin was excluded from the supplement. Excretion of NMeN 
averaged 3.5 + 1.5 mg. per day. Thus, the amount of NMeN normally 
excreted in 9 days approximated 31.5 mg. During a 9 day period, 0.5 gm. 
of 3-AP containing 1.12 atom per cent excess of C’, corresponding to 7.84 
atom per cent excess in the carbonyl group, was fed daily. The pooled 
urines collected during this period contained 740 + 20 mg. of NMeN, of 
which less than 5 per cent could be ascribed to the normal output. NMeN 
isolated and identified as described in the preceding section was oxidized 
by wet combustion according to Van Slyke and Folch (11) in a Y-shaped 
reaction vessel (12) attached to a micro gas handling apparatus. The car- 
bon dioxide was purified by two distillations in this apparatus and stored 
in gas sample tubes for not longer than 3 hours. Isotope ratios were then 
determined with a Consolidated-Nier isotope ratio mass spectrometer, with 
tank carbon dioxide‘ as the reference standard. It was found that the iso- 
lated NMeN contained 0.63 atom per cent excess of C"*, or 4.41 atom per 
cent excess in the carbonyl group. Thus, the excess of isotope in the 
NMeN excreted was 56 per cent as great as in the 3-AP given, or 59 per 
cent as great if only NMeN excreted in excess of the normal output is 
considered. | 

Two other compounds, unidentified but evidently derived from tagged 
3-AP, were also obtained in small amounts. One of these melted at 201° 
and contained 0.50 atom per cent excess of C'*. The other one melted 
with decomposition at 217°, was fluorescent, and contained 0.63 atom per 
cent excess of C™. 

Metabolism Experiment with Labeled Nicotinic Acid—The purpose of this 
experiment was to determine whether or not the dilution of C" observed in 
the preceding section would also occur when NMeN arises from labeled 
nicotinic acid. Dog 55, an adult female bull-terrier weighing 17.3 kilos, 
was utilized, but the diet and other experimental conditions were the same 
as those in the case of Dog 48. Labeled nicotinic acid obtained as an inter- 
mediate in synthesis of labeled 3-AP was used. The amount fed was, how- 
ever, only 100 mg. per day, since this quantity yielded a daily output of 
NMeN similar to that observed in the experiment with labeled 3-AP. 
NMeN chloride was isolated and identified as before (m.p. 241°). The 


‘Bone dry, The Matheson Company, Inc., Joliet, Illinois. 


* 
* 


W. T. BEHER, W. M. HOLLIDAY, AND O. H. GAEBLER 577 


mixed melting point with an authentic sample of NMeN chloride (m.p. 
241°) was not depressed. 


C;H,N:OCl. Calculated, C 48.7, H 5.26, N 16.2; found, C 48.8, H 5.2, N 16.0 


The CO group of nicotinic acid fed contained 7.74 atom per cent excess 
of C8; that of NMeN chloride isolated contained 49 per cent as much, or 
3.78 atom per cent excess. Thus, dilution of the isotope was of the same 
order as in the experiment with tagged 3-AP, particularly if the weights 
of the two animals are considered. 


DISCUSSION 


The metabolism experiment with tagged 3-AP indicates that this com- 
pound is oxidized and converted to NMeN. Moreover, this process must 
have yielded sufficient labeled nicotinic acid to account for all of the in- 
crease in NMeN output, for the concentration of C™ in NMeN was as 
great in the experiment in which it arose from labeled 3-AP as in the one 
in which labeled nicotinic acid was fed directly. Analogous oxidation of 
acetophenone to benzoic acid, isolated as hippuric acid, has been reported 
(13). 

Whether or not formation of a nucleotide of 3-AP is an essential prelimi- 
nary to its oxidation and methylation remains of great interest. Such a 
mechanism has been suggested in other detoxication processes. It requires 
direct evidence and is neither established nor excluded by our findings. 
However, if the metabolism of 3-AP and nicotinic acid should involve such 
a process, both compounds when tagged and fed would compete with un- 
tagged nicotinic acid or nicotinamide in the formation of nucleotides. The 
nature of the “pool” from which NMeN having an isotope concentration 
much lower than that of the precursors is formed would be more clearly 
defined. According to this hypothesis, 3-AP could also compete with ribo- 
flavin and other compounds which form nucleotide coenzymes. This mat- 
ter is worthy of further study, for acute poisoning with 3-AP is a condition 
very different from blacktongue. 

That formation of NMeN from 3-AP was not due to activity of intestinal 
bacteria is indicated by experiments in rats and dogs in which 3-AP hy- 
drochloride was injected intramuscularly. Hourly collection of urine also 
indicated that formation of NMeN in the bladder is not a significant fac- 
tor. The site and mechanism of detoxication of 3-AP are being studied 
in greater detail. 

SUMMARY 

3-Acetylpyridine (3-AP) containing excess of C™ in the carbonyl group 
was fed to a bitch weighing 14.3 kilos which received a diet containing 42 
per cent of casein, but no niacin. Excretion of N'-methylnicotinamide 
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(NMeN) increased markedly, as in our previous experiments (1). The 
atom per cent excess of C in the additional NMeN excreted was 59 per 
cent as great as in the ingested 3-AP. Small amounts of two other com- 
pounds containing the isotope were isolated, and one of these was fluo- 
rescent. 

In a comparable experiment, nicotinic acid tagged with C' in the car- 
boxy] group was fed to a bitch, weighing 17.3 kilos, in the amounts required 
to produce a similar increase in NMeN output. The atom per cent excess 
of isotope in N MeN isolated from the urine was 46 per cent as great as in 
the ingested precursor. Evidently nicotinic acid, whether ingested as such 
or derived from ingested 3-AP, enters a “‘pool” from which an equivalent 
amount of NMeN containing a lower concentration of isotope is formed. 

It is concluded that 3-AP is biologically oxidized to nicotinic acid to an 
extent sufficient to account for all of the increase in NMeN output ob- 
served after its ingestion. This oxidation is analogous to the biological 
oxidation of acetophenone to benzoic acid (13). The possibility that 3-AP 
may, in the course of its oxidation and methylation, compete with nicotinic 
acid and other compounds which form nucleotides of a coenzyme nature is 
discussed. 


We are indebted to Professor R. R. White of the University of Michigan 
for arrangements to have isotope ratios determined with the mass spec- 
trometer in the Department of Chemical and Metallurgical Engineering. 
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A STUDY OF THE ROLE OF HIGH ENERGY PHOSPHATE 
IN MITOCHONDRIAL CHOLINE OXIDASE* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 7, 1952) 


In a recent publication from this laboratory (1) the author has indicated 
that the choline oxidase of rat liver mitochondria requires a heat-stable 
factor or factors for normal activity. This effect was demonstrated by 
adding an extract of boiled fresh mitochondria to either aged mitochondria 
or mitochondria that had been injured by freezing and thawing. When 
the extract was added to these mitochondrial systems, some of the lost 
activity was returned. In these experiments the choline oxidase activity 
of the mitochondria was lost more rapidly and to a greater extent when 
the fraction was suspended in water than when suspended in isotonic suc- 
rose. These results indicated that the disruption of the structural in- 
tegrity of the mitochondria brought about the simultaneous destruction 
of certain cofactors of the choline oxidase system. This might occur most 
easily by the elaboration of an enzyme system of the mitochondria nor- 
mally inactive in fresh, untreated mitochondria. It has been shown that 
mitochondrial adenosinetriphosphatase (ATPase) and a non-specific acid 
phosphatase, latent when the mitochondria are suspended in isotonic suc- 
rose at 0°, become active with changes in tonicity and with incubation at 
higher temperatures (2). Since aging or freezing and thawing decrease 
mitochondrial choline oxidase activity, it is possible that an enzyme, such 
as ATPase, was activated during these treatments. Also since much of 
the lost choline oxidase activity can be returned by adding an extract of 
fresh mitochondria, the addition of adenosinetriphosphate (ATP) might 
return some of the activity if the destruction of endogenous ATP is a 
cause of the decrease in activity. For these reasons the author has stud- 
ied the effect of high energy phosphate compounds on the choline oxidase 
system of mitochondria. 


EXPERIMENTAL 


Enzyme Preparation—Adult, male rats of the Sprague-Dawley strain 
were used as experimental animals. Mitochondria were isolated from the 
liver and suspended in ice-cold distilled water, as described in a previous 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 
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report (1). An aliquot of the suspended mitochondria was frozen in a 
test-tube placed in a mixture of dry ice and acetone. The frozen suspen- 
sion of mitochondria was then thawed rapidly at 37° and divided into two 
portions. The two portions of frozen and thawed mitochondria and a 
portion of the fresh, untreated mitochondrial suspension were centrifuged 
at 25,000 < g for 1 hour. All centrifugations were carried out at 2°, 
After the mitochondria were centrifuged, the supernatant was removed 
from one of the frozen and thawed aliquots and replaced with cold dis- 
tilled water. All three aliquots were then resuspended by vigorous shak- 
ing and used as the source of enzyme in the experiments which follow. 
Concentration of ATP—In preliminary experiments the effect of the 
addition of ATP was studied by investigating the relation of ATP con- 
centration to choline oxidase activity of the three mitochondrial prepara- 
tions described above; 7.e., fresh, untreated mitochondria (Mt,), frozen and 
thawed mitochondria with which the supernatant was retained (Mt,), 
and frozen and thawed mitochondria resuspended in water (Mt3). Toa 
series of Warburg flasks containing 0.6 ml. of Krebs-Ringer phosphate 
buffer (pH 7.3) (3), 0.2 ml. of water, 0.2 ml. of 2 K 10 m cytochrome c 
in the main compartment, and 0.2 ml. of water or 2 per cent choline chlo- 
ride in the side arms of alternate flasks was added 0.5 ml. of the mito- 
chondrial preparation under investigation (Mt;, Mte, or Mt;). A certain 
amount of sodium adenosinetriphosphate (Sigma Chemical Company) was 
added to the side arm of every two flasks so that the over-all range of 
ATP added varied from 0 to 10 yum, with several intermediate values. 
Water was added to the side arms to bring the final volume in the flasks 
(including 0.2 ml. of 10 per cent potassium hydroxide in the center well) 
to 2.4ml. The flasks were equilibrated at 37° for 10 minutes, the side 
arm contents added to fhe main compartment, and oxygen uptake read- 
ings recorded for 60 minutes. The results of these experiments are pre- 
sented in Fig. 1, in which the ordinate values of the paper are expressed as 
per cent of the fresh, untreated mitochondria with no ATP added. In 
this way the average of several experiments could be taken, even though 
there might be variation in the absolute choline oxidase activity of the 
mitochondrial preparations from different animals. A value of 100 in 
Fig. 1 and Tables I to III represents about 80 ul. of O». per flask per hour. 
As observed in a preceding report (1), freezing and thawing decrease the 
choline oxidase activity of rat liver mitochondria, which is further de- 
creased if the supernatant of such mitochondria is removed and replaced 
by water. The addition of ATP to fresh, untreated mitochondria inhibits 
the choline oxidase activity. However, if ATP is added to frozen and 
thawed mitochondria preparations (Mt: or Mts), the activity is stimulated 
quite significantly. This stimulation of the Mt» preparation reaches the 
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same activity as the fresh, untreated mitochondria when 5 um of ATP are 
added. Further addition of ATP, however, inhibits the activity to the 
same extent as the fresh, untreated mitochondria. It appears that ATP 
stimulates the Mts; preparation at all of the concentrations tested, al- 
though the curve tends to level off without reaching the normal activity 
of the untreated mitochondria. 

The reason for the inhibition of normal activity by higher levels of ATP 
is not clear, although a very similar effect has been reported by Ratner 
and Petrack (4) for the condensing enzyme involved in urea synthesis. 


° 


MT, 


N“N 


° 


25- 


% OF UNTREATED MT CONTROL 


0 25 5.0 7S 10.0 


MICROMOLES OF ATP 


Fic. 1. The effect of ATP concentration on choline oxidase activity of rat liver 
mitochondria. Each curve is the average of three separate experiments. Mt; = 
fresh, untreated mitochondria; Mtz = frozen and thawed mitochondria; Mt; = 
frozen and thawed mitochondria centrifuged and the supernatant replaced by water. 
See the text for explanation of the ordinate units. 


This inhibition may be due to adenylic acid (AMP) contamination of the 
ATP preparation. As will be pointed out later, AMP is a strong inhibitor 
of the choline oxidase system, as Ratner and Petrack observed it to be for 
their condensing enzyme. 

Effect of Magnesium Ions—The presence of magnesium ions has often 
been shown to be necessary for the proper utilization of ATP in enzyme 
systems. In the present experiments the effect of magnesium ions has 
been studied to observe whether these ions are necessary for the normal 
activity of mitochondrial choline oxidase. If magnesium can be shown to 
be necessary, at least an indirect involvement of ATP in the enzyme sys- 
tem would be indicated. Warburg flasks were prepared as in the pre- 
ceding section, except that ATP was omitted. In alternate duplicate 
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flasks 0.6 ml. of complete Krebs-Ringer phosphate buffer or Krebs-Ringer 
phosphate buffer lacking magnesium ions was added. The choline oxi- 
dase activity of the three mitochondrial preparations (Mt:, Mts, and Mt,) 
was then determined in the presence and absence of magnesium ions. The 
results of these experiments are presented in Table I. Here it can be ob- 
served that if magnesium ions are present the activity is significantly 
greater than if magnesium ions are absent. This is true for all three of 
the mitochondrial preparations, indicating that some magnesium is prob- 
ably bound to the mitochondria, but that during the process of fractiona- 
tion not enough was retained to give maximum activity. 

Comparison of ATP, ADP,! and AMP—In order to see whether the 
activation by ATP reported above is specific for ATP, experiments were 
carried out to study the effects of ATP, ADP, and AMP on the choline 


TABLE I 
Effect of Magnesium Ions on Mitochondrial Choline Oxidase 


Choline oxidase activity as 
per cent of control* 


System 
+ Mgt 
Untreated mitochondria (Mt,)....................... | 100 | 82 
Frozen and thawed mitochondria (Mtzg).............. | 76 66 
with supernatant re- 


*See the text for explanation of the units. These figures are the average of 
two to four experiments. 


oxidase activity of the three mitochondrial preparations. Lardy and 
Wellman (5) have reported that for the oxidation of certain substrates by 
mitochondria to occur maximally both ATP and a phosphate acceptor, 
such as AMP, are necessary. Therefore, a combination of ATP and AMP 
was also included to see whether the oxidation of choline would be greater 
than with ATP alone. The experimental procedure and preparation of 
Warburg flasks were the same as given above. In every case 5 uM of 
ATP, ADP, AMP, or ATP plus AMP were included in the side arms at 
the expense of water. Duplicate flasks without choline were set up in 
each case to serve as controls. The results of these experiments are re- 
ported in Table II. From the data it can be observed that ATP alone 
inhibits Mt, and stimulates Mt. and Mts; as before. When ADP was 
added, inhibition of Mt; occurred, but no effect on Mt, and Mts was ob- 
served. The well known dismutation reaction of ADP to ATP and AMP 
in the presence of myokinase, which is present in liver mitochondria, 


1 ADP = adenosinediphosphate. 


» 
* 
4 
2 
i 
> 
§ 
5 
| 


J. N. WILLIAMS, JR. 583 


might explain the inhibition of the untreated mitochondria by ADP. 
However, the lack of effect of ADP on the frozen and thawed mitochon- 
dria is not easily explained by this mechanism unless one assumes that the 
liberated ATPase activity of the injured mitochondria is more active than 
the myokinase. In that case the ATP arising from ADP. would be de- 
stroyed as soon as it is formed, with no chance for the effect of the syn- 
thesized ATP to take place. These mechanisms, of course, are merely 
conjectures and remain to be proved or disproved. 

AMP is inhibitory in all three systems. If this effect is a competition 
between ATP and AMP for the site of ATP-enzyme interaction, as Ratner 
and Petrack suggest for a similar situation with their condensing enzyme 
(4), the addition of ATP with AMP should overcome, at least to some 
extent, the inhibitory effect of AMP. In Table II this is shown to be the 


TaBLeE II 
Effect of ATP, ADP, and AMP on Mitochondrial Choline Oxidase 


| Choline oxidase activity as per cent of control* 


System = | | | 
Untreated mitochondria (Mt,).............. 100 70 
Frozen and thawed mitochondria (Mts)..... | 7s | 94 | 79 | 61 | 04 
supernatant removed (Mt3)............... 64 | 76 64 | 53 | 79 


*See the text for explanation of the units. These figures are the averages of 
three experiments. 


case. In both systems of frozen and thawed mitochondria (Mt, and Mts), 
for which a stimulatory effect of ATP alone can be demonstrated, ATP 
completely reverses the inhibition by AMP. The fact that AMP, a phos- 
phate acceptor, in the presence of ATP does not increase choline oxidase 
activity appears to set choline oxidase somewhat apart from many of the 
other oxidative enzymes in mitochondria. Lardy and Wellman (5) have 
shown that glutamate, citrate, pyruvate, a-ketoglutarate, succinate, pro- 
line, malate, and 6-hydroxybutyrate are oxidized at extremely low rates 
in rat liver mitochondria unless fortified with ATP, magnesium, phos- 
phate, and a phosphate acceptor such as AMP. The choline oxidase sys- 
tem of mitochondria, however, as shown by the present and previous 
studies (1, 6), is a very active system showing practically no additional 
requirements unless injured by aging or freezing and thawing. 

Effects of Dinitrophenol and AT P—In certain systems, 2 ,4-dinitrophenol 
(DNP) has been shown to enhance respiration of added substrates (5, 
7). This effect is believed to occur through the breakdown of high energy 
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phosphate compounds, and hence essentially the effect should be similar 
to the increased oxidation developed when an adequate phosphate ac- 
ceptor such as AMP is added. Since in the preceding section it was ob- 
served that AMP inhibits rather than stimulates oxidation of choline, the 
effect of DNP in the system was studied. The experimental procedure 
was the same as for the preceding sections. In these experiments the 
effect of ATP and DNP singly and in combination was studied. Both 
ATP (5 um) and DNP (5 X 10 Mo final molarity in the flask) were added 
at the expense of water. The results of these experiments, presented in 
Table III, indicate that ATP alone stimulates the activity of the frozen 


and thawed mitochondria and inhibits the fresh, untreated mitochondria, | 


as observed before. On the other hand DNP appears to have no effect 
on the injured mitochondria but inhibits the untreated preparations. The 


TaBLeE III 
Effect of ATP and 2,4-Dinitrophenol on Mitochondrial Choline Oxidase 


_ Choline oxidase activity as per cent of control* 


System 


No addition + ATP | +DNP {xp 
| 
Untreated mitochondria (Mti).............. 100 86 88 74 
Frozen and thawed mitochondria (Mtz)...... 72 97 74 CC 96 
supernatant removed (Mt3)............... | 52 | 66 55 68 


* See the text for explanation of the units. These figures are the averages of 
six experiments. 


combination of ATP and DNP appears to inhibit the untreated mito- 
chondria additively, while only the stimulatory effect of ATP can be ob- 
served for the frozen and thawed preparations. This appears to be further 
evidence that the choline oxidase of mitochondria does not follow the 
expected path of many of the other oxidative enzymes of the mitochondria. 


DISCUSSION 


It is most interesting to observe that the stimulatory effect of ATP on 
the choline oxidase system can only be demonstrated if the activity is 
first decreased by disrupting the intact mitochondria. This perhaps in- 
dicates that there is enough intramitochondrial ATP to satisfy the needs 
of the choline oxidase system in intact mitochondria. The fact that added 
ATP inhibits the activity of the fresh, untreated mitochondria may mean 
that the combination of endogenous ATP and added ATP gives a total 
ATP concentration too high for optimum activity. This is supported by 
the fact that, up to a certain concentration, ATP stimulates frozen and 
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thawed mitochondria (Mtz). Beyond that concentration, however, in- 
hibition occurs. 

The results in this report indicate that mitochondrial choline oxidase 
does not follow the same enzymatic patterns given by many other of the 
oxidative enzymes in the mitochondria. This is demonstrated by the 
observations that phosphate acceptors, such as ADP and AMP, do not 
stimulate oxidation and that dinitrophenol has no effect under the condi- 
tions of these experiments except to inhibit the activity of the untreated 
mitochondria. ‘The questions raised by these and earlier results with 
choline oxidase (1, 6, 8-14) certainly bear further investigation in order to 
elucidate the mechanism of action of the choline oxidase system in animal 


tissues. 
SUMMARY 


1. An involvement of ATP and magnesium ions has been observed in 
the choline oxidase system of rat liver mitochondria. These effects can 
be demonstrated only if the structural integrity of the mitochondria is 
destroyed, for example by freezing and thawing. 

2. Attempts to increase mitochondrial choline oxidase activity by the 
addition of phosphate acceptors, such as ADP and AMP, have failed. 
An inhibition of the system in frozen and thawed mitochondria by AMP 
can be reversed by ATP. Dinitrophenol, which stimulates the oxidation of 
many other substrates by mitochondrial enzymes, appears to have no 
effect on the oxidation of choline in frozen and thawed mitochondria. 
This substance slightly inhibits the activity of fresh, untreated mito- 
chondria. 
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PROLINE: SYNTHESIS FROM ORNITHINE, 
CITRULLINE, OR ARGININE 


By PAUL B. HAMILTON 


(From the Alfred I. du Pont Institute of The Nemours Foundation, 
Wilmington, Delaware) 


(Received for publication, February 26, 1952) 


In a recent method (1) for determination of the sum of proline and 
hydroxyproline imino carboxy! nitrogen,' a-amino acids were deaminated 
with nitrous acid in hot 6 N HCl, converting them to derivatives that 
yielded no CO, with ninhydrin. Proline and hydroxyproline remained 
and were determined by the ninhydrin-CO, method (2, 3). Ornithine, 
citrulline, and arginine introduced small, variable, positive errors, appar- 
ently due to the formation of ninhydrin-reacting substances. The nin- 
hydrin-reacting substances from these three amino acids have now been 
isolated and proved to be proline in each case. In elucidating the reac- 
tions involved, the a-chloro acids derived from ornithine, citrulline, and 
arginine have been prepared and some of their properties investigated (4). 

Nitrosyl chloride (NOCI) should be considered the deaminating agent 
rather than nitrous acid in the method referred to above (1). This is 
supported by evidence from the literature (5-8), as well as by the present 
work. Nitrosyl chloride readily displaces the amino group of a-amino 
acids by a chlorine atom to give the corresponding a-chloro acid, but, as 
inferred by Renard (7), the 6-amino and 6-guanidino groups of ornithine 
and arginine, respectively, are much less susceptible to attack. This has 
also been found partly true of the 6-carbamido group of citrulline. a- 
Chloro-6-amino-n-valeric acid and a-chloro-6-guanidino-n-valeric acid have 
both been isolated in yields of over 70 per cent of theoretical after reaction 
of ornithine or arginine with nitrosyl chloride. From citrulline, both 
a-chloro-6-carbamido-n-valeric acid and a-chloro-é-amino-n-valeric acid 
were obtained in 10 and 69 per cent yield, respectively, the latter arising 
through decomposition of the carbamido group. 

a-Chloro-5-amino-n-valeric acid was converted into proline by elimina- 
tion of HCI and ring closure between the a-carbon and the 6-amino group 
on heating in alkaline solution. The proline was isolated and the yield 
was 98 per cent of theoretical. On refluxing a-chloro-é-amino-n-valeric 
acid in water, proline was also formed and the amount, measured colori- 


1In conformity with nomenclature of previous publications (1) the term ‘‘imino 
carboxyl” nitrogen is used to indicate values calculated as 1 gm. atom of nitrogen 
per molecule of CO, evolved by reaction of the a-imino acids, proline, and hydroxy- 
proline with ninhydrin. 
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metrically,? was 50 per cent of theoretical. Probably substitution of a- 
chlorine atoms by hydroxy] groups also takes place, analogous to the for- 
mation of argininic acid from a-chloro-é-guanidino-n-valeric acid; hence 
the remainder is presumably a-hydroxy-d-amino-n-valeric acid. However, 
this was not investigated. 

At 165° in vacuo, a-chloro-6-amino-n-valeric acid was converted (25 per 
cent, approximately) by loss of water to 3-chloro-2-piperidone, which sub- 
limed. The remainder lost HCI to yield proline, which did not sublime at 
165°. Alkaline hydrolysis of the piperidone opened the ring and elimi- 
nated HCl as above, and again proline was the final product. 


ORNIT HINE 


Ba(OH)2 
ARGININE: 
[peter 
+ CO(NH}, 
C(NH)-NH> 
CITRULLINE 


a-Chloro-6-guanidino-n-valeric acid refluxed in water for 48 hours 
yielded almost the theoretical quantity (96 per cent) of a-hydroxy-é- 
guanidino-n-valeric (argininic) acid. But on being dissolved in excess 1 
N sodium hydroxide, ring closure was the predominating reaction. After 
30 minutes, the Sakaguchi (9) reaction became practically negative and 
N-guanylproline monohydrate was isolated; the yield was 74 per cent of _ 
theoretical. On alkaline hydrolysis, N-guanylproline was found to yield f 
proline and urea. No attempt was made to determine whether N-car- 
bamylproline (7.e., proline hydantoic acid) was formed, analogous to the 
formation of citrulline from arginine on alkaline hydrolysis (10). 

These reactions can be represented by the accompanying scheme. 

a-Chloro acids formed from t-ornithine or L-arginine by reaction with 


2 Extensive use has been made of the colorimetric ninhydrin method of Dr. F. P. 
Chinard, School of Medicine, Johns Hopkins University, for the quantitative deter- 
mination of proline and ornithine. Indebtedness to Dr. Chinard for revealing the {| 
details of this method in a personal communication is gratefully acknowledged. : 
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nitrosyl chloride at 110° were optically inactive and the proline isolated 
from them was racemized. The a-chloro acids formed by reaction at 60° 
were levorotatory, but, in view of the racemization at 110°, some conver- 
sion to the optical isomer probably takes place at 60° also. 

Alkaline solutions of l-a-chloro-5-amino- or l-a-chloro-6-guanidino-n-va- 
leric acid became strongly dextrorotatory. p-Proline prepared from the 
former compound had a specific optical rotation of +76°, approximately 
86 per cent of the maximum rotation reported for p-proline (11); N- 
guanyl-p-proline monohydrate prepared from b-proline had a specific rota- 
tion of +92°. In neither case was an attempt made to determine whether 
formation of any of the optical isomer had occurred during optical inver- 
sion. On the other hand, optical inversion did not take place on sub- 
stitution of the a-chlorine atoms by hydroxyl groups on refluxing l-a- 
chloro-6-guanidino-n-valeric acid in water; l-a-hydroxy-é-guanidino-n- 
valeric acid was formed. These findings are in accord with Fischer and 
Moreschi (6), who obtained d-hydroxyglutaric acid by Walden inversion 
from /-chlorosuccinic acid prepared similarly from p-glutamic acid. 

According to Neuberger’s critical review (12), evidence from the litera- 
ture indicates that the formation of a-halogen acids by reaction of a-amino 
acids with nitrosyl chloride is associated with retention of configuration. 
The present work therefore can reasonably assume that the a-chloro acids 
from L-ornithine and L-arginine have retained the L configuration pre- 
dominantly, and that Walden inversion occurs during the conversion of 
the a-chloro acids by ring closure to proline and N-guanylproline, respec- 
tively. 

In confirmation of the results of Albertson and Fillman (13), pt-proline 
formed a monohydrochloride (m.p. 159°, corrected) and a bisproline hy- 
drochloride (m.p. 200°, corrected). For comparison, t-proline monohy- 
drochloride and bisproline hydrochloride were prepared and found to melt 
at 115° (corrected) and 156° (corrected), respectively. 

L-Proline phenylhydantoic acid had been reported to separate as a 
gummy mass (14), but this was found to be true only for concentrated 
solutions of the hydantoic acid; crystallization occurred readily on acidify- 
ing diluted alkaline solutions. It melted at 172° (corrected), a value that 
has so far not been found in the literature. 

Differences between the infra-red spectra obtained from Nujol pastes of 
L- and pL-proline were found to be appreciable but not more than those 
noticed between L and pi forms of some other amino acids, e.g., methio- 
nine? The differences were sufficiently marked, however, so that when 
the Nujol paste is used for identification of proline with certainty both 


* Personal communication from Dr. R. C. Gore, American Cyanamid Company, 
Stamford, Connecticut. 
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spectra should be available for comparison. Analogous differences were 
not observed when the infra-red spectra of L- and pi-proline phenylhy- 
dantoins were compared. 


EXPERIMENTAL 


a-Chloro-6-amino-n-valeric Acid from Ornithine—200 mg. of pL-ornithine 
monohydrochloride in a 100 cc. Kjeldah! flask were dissolved in 10 cc. of 
9n HCI. 0.5 gm. of AgNO, and 6 ce. of 1 Nn HCl were mixed and centri- 
fuged and the centrifugate filtered through washed cotton into the flask. 
The solution was boiled vigorously until 2 to 3 cc. remained at the end of 
90 minutes. 6 N HCl was added as necessary. Most of the excess acid 
was removed in vacuo and the remainder was precipitated as AgCl on the 
addition of excess solid AgsSO,. Silver was removed by H.S and the re- 
maining sulfuric acid as the barium salt on neutralizing to pH 5 to 6 with 
BaCO;. The solution must be kept acid or rapid conversion of a-chloro- 
§-amino-n-valeric acid to proline will take place. Water was removed in 
vacuo, and the residue suspended in 10 cc. of methanol. 130 mg. of in- 
soluble a-chloro-6-amino-n-valeric acid (72 per cent of theoretical) were 
collected. A number of similar preparations were pooled. Recrystalliza- 
tion from 90 per cent ethanol-water or acetone-water was accompanied by 
10 per cent loss each time. After two crystallizations, the product melted 
at 163-164° (corrected). The product was optically inactive even when 
the starting material was L-ornithine. All of the nitrogen was liberated 
as nitrogen gas in the Van Slyke nitrous acid procedure (15). a-Amino 
nitrogen by the ninhydrin-CO, method (3) was less than 4 per cent, but a 
completely negative ninhydrin value was not obtained, as some ring 
closure of this compound to form proline apparently takes place at pH 2.5 
and 100°, conditions encountered in the regular ninhydrin analysis.‘ 


CsH;0O2NCl. Calculated. C 39.61, H 6.65, N 9.24, Cl 23.39 
Found. “* 39.72, ‘ 6.56, ‘‘ 9.26 (Dumas), Cl 23.42 


For confirmatory evidence that the assigned structural formula, 
a-chloro-é-amino-n-valeric acid, is correct, 300 mg. were refluxed with 
Zn-Hg amalgam and HCl for 6 hours. <A solid was isolated which sub- 
limed when heated to 165-170° in vacuo. The sublimate formed a hydro- 
chloride which, after crystallization from ethanol-ether, melted at 115° 
(corrected). It did not depress the melting point of an authentic sample 
of 2-piperidone hydrochloride (m.p. also 115°, corrected), prepared similarly 
from authentic 5-amino-n-valeric acid. 


‘All elementary analyses by Elek Micro Analytical Laboratories, 4763 West 
Adams Boulevard, Los Angeles 16, California; all values calculated to moisture and 
ash-free basis. 
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Proline from a-Chloro-6-amino-n-valeric Acid—250 mg. of a-chloro-é- 
amino-n-valeric acid were dissolved in 10 ce. of 0.56 N barium hydroxide 
solution and boiled for 10 minutes. Chloride was removed as the silver 
salt, barium as the sulfate. The residue was dried, dissolved in ethanol, 
and crystallized by the addition of ether; yield 98 per cent. Quantitative 
determination of proline by the colorimetric ninhydrin method (Chinard) 
confirmed this yield. After two further crystallizations from ethanol- 
ether, the melting point was 210° (corrected); with authentic pL-proline 
(m.p. 213°, corrected) the mixed melting point was 211° (corrected). 
The melting point of the phenylhydantoic acid was 175° (corrected), and 
the phenylhydantoin 117° (corrected). After mixture with the same de- 
rivatives of authentic pL-proline, the melting points were 175° (corrected) 
and 117° (corrected), respectively. The infra-red spectrum of the com- 
pound was identical with that of pt-proline. 


C;H,OoN. Calculated. C 52.16, H 7.88, N 12.17 
Found. 52.16, 7.90, 12.18 (Dumas) 


Attempts to prepare proline from ornithine, without isolation of the 
intermediate a-chloro-6-amino-n-valeric acid, encountered considerable dif- 
ficulty, owing presumably to interference from products of unwanted side 
reactions. The best vield (20 per cent) was obtained by formation of the 
cadmium salt (16). Little success was obtained by ethanol-ether frac- 
tionation or formation of the copper (17) or rhodanilic acid salts (18). 

3-Chloro-2-piperidone from a-Chloro-6-amino-n-valeric Acid—200 mg. of 
a-chloro-6-amino-n-valeric acid in a micro sublimation apparatus were 
evacuated and heated on an oil bath to 165°. 50 mg. of white waxy 
material sublimed; yield approximately 25 per cent. The products from 
a number of such experiments were pooled and dissolved in diethy] ether, 
and 2 volumes of petroleum ether were added. Needles separated on 
standing for 12 hours at 4°, which ‘melted at 121—122° (corrected) and 
gave neither amino nor carboxy! nitrogen on analysis. 


C;H,ONCI]. Calculated. C 44.95, H 6.03, N 10.49, Cl 26.54 
Found. 45.16, 5.92, 10.73 (Dumas), Cl 26.28 


The unsublimed residue was dissolved in ethanol, decolorized with car- 
bon, and crystallized by the addition of diethyl ether; yield 66 per cent. 
The substance was identified as pi-proline by the methods described 
above. 


C;H,O.N. Calculated. C 52.16, H 7.88, N 12.17 
Found. §2.21, 7.92, 12.21 (Dumas) 


Proline from 3-Chloro-2-piperidone—130 mg. of 3-chloro-2-piperidone 
were dissolved in 5 cc. of cold saturated barium hydroxide solution and 
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boiled for 30 minutes. Chloride and barium were removed and 70 mg. of 
material were crystallized from ethanol-ether; yield 62 per cent. The 
substance was identified as pL-proline by the methods described above. 


C;H,O.N. Calculated. C 52.16, H 7.88, N 12.17 
Found. ** 51.87, 7.91, 11.89 (Dumas) 


p-Proline and Acid from L-Ornithine—300 
mg. of L-ornithine dihydrochloride of [a]? = +17.5° (c = 10 per cent in 
water) were placed in a 100 cc. Kjeldahl flask. 1.0 gm. of AgNO» was 
added to 10 ce. of ice-cold 6 N HCl in a small beaker and the liquid de- 
canted from the precipitated AgCl into the flask. ‘The flask was heated 
at 60° for 20 minutes. Excess acid was evacuated. The residues from 
twenty-four such experiments were pooled and the a-chloro-6-amino-n- 
valeric acid was isolated as previously described. It had a specific rota- 
tion of [a]” = —3.9° (c = 13.9 per cent in water). The a-chloro-é- 
amino-n-valeric acid was then converted to p-proline, which was isolated; 
m.p. 203° (corrected), [aJ?? = +74° (c = 7.57 per cent in water). After 
recrystallization from alcohol-ether the melting point was 206° (corrected), 
but the rotation was unchanged. Evidently, some formation of the op- 
tical isomer had taken place, but at which step in the procedure was not 
determined. 

L- and pui-Proline Hydrochlorides—200 mg. (0.001737 mole) of L-proline 
(m.p. 220°, corrected), [a]?? = —85° (ce = 10 per cent in water), were dis- 
solved in 17.37 cc. of 0.1 N HCl (0.001737 mole). A second 200 mg. por- 
tion was dissolved in 8.68 cc. of 0.1 N HCI (0.000868 mole). Two 200 mg. 
samples of pL-proline were treated similarly. All were evaporated to dry- 
ness in vacuo, redissolved in ethanol, and then separately crystallized from 
ethanol-ether mixtures at 4°. Crystals were collected, washed with a little 
cold 1:1 ethanol-ether, and dried in vacuo. 

Bis(pu-proline) monohydrochloride was practically insoluble in a 1:1 
ethanol-ether mixture, bis(L-proline) monohydrochloride was more soluble, 
and pt-proline monohydrochloride still more soluble, while L-proline 
monohydrochloride crystallized readily only from 1:6 or higher ethanol- 
ether mixtures (see Table I). 

L- and pi-proline Phenylhydantoic Acids and Phenylhydantoins—vt-Pro- 
line was dissolved in cold 1 Nn alkali and treated with phenyl isocyanate, 
as described by Fischer (14). On acidification, pL-proline phenylhydan- 
toic acid crystallized rapidly. After one recrystallization, it melted 
sharply at 176° (corrected) (Fischer, 170° (14)). 1t-Proline phenylhydan- 
toic acid separated as a gummy mass, as described by Fischer (19), but it 
was found that dilution of the alkaline solution with 5 volumes of water 
before acidification allowed crystallization to take place readily. After 
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two crystallizations from warm water, the L-proline phenylhydantoic acid 
melted sharply at 172° (corrected). : 

The phenylhydantoic acids were dissolved in 1 N HCl and heated at 
100° for 2 hours (steam bath). The hydantoins crystallized from the 
cooled solutions. The melting points for twice crystallized L- and DL- 
proline phenylhydantoin were 145° (corrected) (literature, 144°, corrected 
(19)) and 118° (corrected) (literature, 118°, corrected (19)), respectively. 

l-a-Chloro-6-guanidino-n-valeric Acid—10 gm. of L-arginine monohydro- 
chloride of [a]?? = +22° (c = 15 per cent in 6 N HCl) in a 100 cc. Kjeldahl 
flask were dissolved in a mixture of 15 cc. of concentrated HCl and 7.5 cc. 
of concentrated HNO; and the flask was heated at 60° for 30 minutes, as 
described by Renard (7). The flask contents were then evaporated to a 
thick syrup at the pump, and 10 cc. of water were added and again evap- 


TaBLeE I 
Proline Hydrochlorides 
M.p. Chloride Nitrogen 
Found Literature Found | Calculated; Found § Calculated 
°C. per cent | per cent percent per cent 
u-Proline-HCl........... 115 22.18 | 23.38 9.09 9.24 
Bis(L-proline)-HCl...... 159 13.37 13.29 | 10.59 10.51 
pt-Proline-HCl.......... 156 156 (10)* 23.44 | 23.38 9.19 9.24 
Bis(pL-proline) -HCl eee 200 189-190 (10) 14.59 | 13.29 10.84 10.51 


* Bibliographic reference No. 


orated. The residue was dissolved in 20 cc. of warm water and neutral- 
ized to about pH 5 with calcium carbonate, and 300 cc. of absolute ethanol 
were added. After 16 hours at 4°, the crystals which had formed weighed 
2.6 gm. (a yield of 28 per cent) and had a melting point of 203° (cor- 


rected) and specific optical rotation of [a]? = —7.6° (ec = 3.76 per cent 
in 6 n HCl). 
C.H,202N;Cl. Calculated. C 37.21, H 6.25, N 21.71, Cl 18.31 
Found. 37.23, 6.02, 20.89, 17.32 


To purify further, the crystals were dissolved in a minimum amount of 
warm water and acetone was added to a concentration of 80 per cent. 
After standing for 12 hours at 4°, the crystals were collected; the yield 
was 85 per cent and the melting point was 208° (corrected). 

In one experiment, combining successive crops of crystals gave a yield 
of 75 per cent of theoretical, but the melting point was low, 190° (cor- 
rected). The above procedure gave a lower yield but the product isolated 
could be purified with fewer crystallizations. 
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L-a-Hydroxy-6-quanidino-n-valeric (Argininic) Acid from l-a-Chloro-é- 
guanidino-n-valeric Acid—4.17 gm. of l-a-chloro-6-guanidino-n-valeric acid, 
m.p. 208°, were refluxed for 48 hours in water. Chloride was removed 
and the resulting solution was treated with Norit, filtered, and evaporated 
in vacuo. The dry residue weighed 4.00 gm., a yield of 96 per cent, and 
had a melting point of 225° (corrected). Its optical rotation was [a]; = 
—11.5° (e = 10 per cent solution in water). Hunter and Woodward re. 
ported — 11.85° (20). 


C.H,303N3. Calculated. © 41 .14, H 7.48, N 23 .99 
Found. “41.47, “ 7.48, ‘* 23.43 (Dumas) 


N-Guanylproline from a-Chloro-é-qguanidino-n-valeric Acid——4.21 gm. of 
a-chloro-6-guanidino-n-valeric acid were dissolved in 44 cc. of water and 
6 ec. of 18.34 ~ NaOH added. After standing for 30 minutes, the Saka- 
guchi reaction (9) was practically negative and the optical rotation of the 
solution had reached a maximum. The solution was then neutralized to 
pH 6.5 with 6 n HCl and the water evaporated in vacuo. The N-guanyl- 
proline was extracted with absolute ethanol and the ethanol evaporated 
in vacuo. The residue was crystallized as the monohydrate from water 
on adding acetone to a concentration of 80 per cent; vield 74 per cent. 
Drying at 110° over P:O; in vacuo removed the water of crystallization. 
The melting point was 243° (corrected) and the specific optical rotation 
was [a]? = +92° (c = 5 per cent of the hydrate in water). 


Calculated. C 45.84, H 7.06, N 26.74 
Found. 45.31, 7.03, 27.57 (Dumas) 


Calculated, 10.3; found, H2O 10.3 


and N-guanyl-L-proline were synthesized according 
to Kapfhammer and Miiller (21) from pt-proline and t-proline, respec- 
tively. .V-Guanyl-L-proline contained 10.3 per cent water of crystallization 
and had a melting point of 248° (corrected). N-Guanyl-pt-proline con- 
tained no water of crystallization and melted at 267° (corrected). A 
mixture of equal parts of N-guanyl-p-proline from a-chloro-6-guanidino- 
n-valeric acid and N-guanyl-L-proline (synthetic), also crystallized from 
water-acetone without water of crystallization, melted at 266° (corrected) 
and the melting point of the compound mixed with authentic N-guanyl- 
pL-proline was 269° (corrected). 

Proline and Urea from a-Chloro-é-guanidino-n-valeric Acid—200 gm. of 
a-chloro-6-guanidino-n-valeric acid and 17 gm. of barium hydroxide (an- 
hydrous) were dissolved in 100 cc. of water and refluxed for 72 hours. 
Barium and chloride were removed and 0.50 gm. of crystalline material 
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was isolated. It was identified as pL-proline as previously described; the 
yield was 42 per cent. | 

In a second experiment, the solution was refluxed for 25 minutes only. 
Urea was isolated from a portion of the solution as the xanthydrol ureide 
and identified by comparison of melting point with authentic xanthydrol 
ureide. Urea was further identified by incubating a portion of the solu- 
tion at 37° with urease and then testing for ammonia and urea. Am- 
monia was present in large amount, but no precipitate with xanthydrol 
could be obtained. 

Proline and Urea from N-Guanylproline—Because of the above findings, 
only qualitative evidence was sought of the nature of the products result- 
ing from hydrolysis of N-guanylproline by | N alkali. The presence of 
urea was proved as above and the proline formed was determined colori- 
metrically. After 180 minutes at 100° in 1 n NaOH, the proline found 
was 85 per cent of theoretical. 

a-Chloro-6-carbamido-n-valeric Acid from Citrulline—Five 2.00 mg. por- 
tions of pL-citrulline were treated with nitrosyl chloride as described for 
ornithine and the products were pooled. Free halogen was removed and 
the o-chloro-é-carbamido-n-valeric acid isolated. After two crystalliza- 
tions from 80 per eent water-alcohol, it melted at 210° (corrected). The 
substance gave a strongly positive diacetylmonoxime reaction for the 
carbamido grouping (22). The yield was 110 mg. or 10 per cent. 


CgH1,03sN2Cl. Calculated. C 37.03, H 5.70, N 14.40, Cl 18.21 
Found. 37.04, 5.68, 14.47 (Dumas), Cl 18.16 


a-Chloro-6-amino-n-valeric Acid from Citrulline—In a similar experiment, 
530 mg. of a-chloro-6-amino-n-valeric acid were isolated from 1 gm. of 
citrulline; yield 69 per cent. After two crystallizations, the product melted 
at 166-167° (corrected) and did not depress the melting point of a-chloro- 
§-amino-n-valeric acid isolated from ornithine and identified as previously 
described. 


CsH;,O2NCl. Calculated. C 39.61, H 6.65, N 9.24 
Found. 39.69, 6.67, 9.27 (Dumas) 


Proline from a-Chloro-5-carbamido-n-valeric Acid—Insuflficient a-chloro- 
§-carbamido-n-valeric acid was prepared to determine whether proline 
hydantoic acid is an intermediate in the formation of proline. Nor was 
the proline formed from it isolated, but it was demonstrated that, as the 
carbamido diacetyl] reaction (22) decreased, the colorimetric ninhydrin 
value for proline increased. After 10 minutes boiling in 1 n NaOH, the 
quantity of proline formed reached a maximum at 87 per cent of theo- 
retical. After refluxing 24 hours in water, the maximum proline value 


» 
yf 
0 | 
1 | 
r 


596 © PROLINE SYNTHESIS 


was 37 per cent of theoretical. Presumably some a-hydroxy-é-carbamido- 
n-valeric acid was formed similarly to the formation of argininic acid, but 
no attempt was made to prove this by isolation. 

Infra-Red Spectra of u- and pui-proline—100 mg. of analytically pure 
L-proline and p.L-proline were prepared as 30 per cent (approximately) 
Nujol pastes. Infra-red spectra were obtained with a Baird Associates 
double beam recording infra-red spectrophotometer, equipped with a so: - 
dium chloride prism (see Fig. 1). 

The multiplicity of NH absorption bands near 3 microns in the pu 
form, together with more uniform carboxyl absorption at 6.3 microns 
(approximately), differences in the spectra beyond 7.3 microns, and 
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Fic. 1. Infra-red spectra of L- and pDL-proline 
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greater band sharpness especially in the 12 micron region are reasonably 
attributable to differences in crystal structure, hydrogen bonding, and 
intermolecular forces. 

The differences in the spectra are sufficiently marked, however, to neces- 
sitate comparison with both spectra before proline can be identified with 
certainty. 


The author wishes to thank Mr. Clarence F. Hammer, E. I. du Pont de 
Nemours and Company, Inc., and Mr. W. C. Kenyon, Hercules Powder 
Company, Wilmington, Delaware, for numerous infra-red spectrograms; 
Dr. H. C. Beachell, University of Delaware, Newark, Delaware, for the 
infra-red spectra of L- and pt-proline herein reproduced and Dr. R. C. 
Gore, American Cyanamid Company, Stamford, Connecticut, for much 
valuable assistance in their interpretations; Dr. W. A. Mosher, University 
of Delaware, for much helpful discussion; Dr. Adalbert Elek for the numer- 
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ous elementary analyses. Thanks are also due to Roberta A. Anderson 
and Priscilla J. Ortiz for much valuable assistance throughout the course 
of the work. 
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CHEMICAL FRACTIONATION OF ADENYLIC ACIDS a 
AND b AND THEIR ENZYMIC CONVERSION 
TO ADENOSINE* 


By PETER REICHARD,f YASUO TAKENAKA, ann HUBERT 8. LORING 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
Stanford, California) 


‘(Received for publication, May 12, 1952) 


Conflicting evidence has been presented as to the reason for the iso- 
merism of the adenylic acids recently demonstrated as components of 
alkaline hydrolysates of ribonucleic acid (1-3). Carter found that de- 
phosphorylation of either adenylic acid with kidney phosphatase gave a 
product which behaved like adenosine on paper chromatography (2). 
Because the isomeric nucleotides differed from adenosine-5’-phosphate, 
it was concluded that one was adenosine-2’-phosphate and the other ade- 
nosine-3’-phosphate. Evidence of a contrary nature, however, was ob- 
tained by Doherty, who postulated that both compounds were 3’-phos- 
phate esters of two adenosines having in one case an a-riboside and in the 
other a §-riboside structure (4). The former explanation for the iso- 
merism of these compounds has received strong support from the recent 
synthetic experiments of Brown and Todd (5). These authors have 
shown that the two adenylic acids formed after phosphorylation of 5’-tri- 
tyladenosine with dibenzyl chlorophosphonate and removal of the benzy! 
and trityl groups are identical with adenylic acid a and adenylic acid b. 

The present paper provides further evidence that both adenylic acids 
are derivatives of the same adenosine and presents a method for the chem- 
ical separation of the two adenylic acids based on the greater insolubility 
of the monocyclohexylamine salt of adenylic acid a as compared to that 
of adenylic acid b. After separation of the salt of adenylic acid a, aden- 
ylic acid b was obtained by precipitation at pH 2.7. The two adenylic 
acids were treated with prostatic phosphatase and their dephosphorylation 
followed polarimetrically. It was observed that the same product was 
formed in each case without evidence of mutarotation and that the cal- 
culated specific rotation agreed with that reported for adenosine (6). The 
crystalline nucleoside was isolated from each hydrolysate and found iden- 
tical with crystalline adenosine. 


* Aided by a grant from the Rockefeller Foundation. 
t Fellow of the Rockefeller Foundation and the Swedish-American Foundation, 
1951-52. 
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EXPERIMENTAL 


Preparation of Adenylic Acids a and b by Fractionation of Monocyclo- 
hexylamine Salts—The starting material was a mixture of the two isomers, 
obtained from a hydrolysate of ribonucleic acid by elution from a Dowex 
2 (formate) column. The cytidylic acid fraction was eluted with 0.1 x 
formic acid (7) and the mixed adenylic acids with 1 N formic acid. Ina 
typical experiment 21.5 gm. of pooled mixed isomers (consisting of 57 
per cent adenylic acid b and 43 per cent adenylic acid a as judged by ion 
exchange chromatography of a small aliquot on Dowex 2 (formate) (3)) 
were dissolved in 25 ml. of water by dropwise addition of 7.5 ml. of cyclo- 
hexylamine, pH 5.6, and warming to about 80°. Hot alcohol, 300 ml., 
was added and crystallization allowed to take place in the refrigerator for 
2 days. The crystals were washed with cold 80 per cent alcohol, alcohol 
and ether, and air-dried. There were 9.0 gm. of monocyclohexylammonium 
adenylate a obtained. Paper chromatography with disodium phosphate 
and isoamyl] alcohol (2) gave no evidence for the presence of adenylic 
acid b. A 0.5 per cent solution (pH 8.3) in 0.5 m disodium hydrogen 
phosphate gave [a]?! = -—49.6°.!. After one recrystallization from 80 
per cent alcohol the specific rotation under the same conditions was 
—51.3°, a value which was not altered by further recrystallization. The 
salt had a relatively sharp melting point, with decomposition at 171° 
(uncorrected), when placed in the bath at 165°. <A total of 8.0 gm. of 
pure monocylohexylammonium adenylate a was obtained, corresponding to 
83 per cent of the adenylic acid a present in the original sample. 


Calculated. C 41.3, H 6.30, N 18.1, P 6.68, H,O 3.9 
Found.? “41.6, “ 6.37, “ 18.0, 6.79, “ 4.4 


The cyclohexylamine salt could be converted in 90 per cent yield to the 
free acid by precipitation at pH 2.7 from an 8 per cent aqueous solution 
with formic acid. The free adenylic acid a was recrystallized from hot 


water with alcohol, the recrystallized product decomposing at 185-186° 


(uncorrected), when placed in the bath at 180°. 


Calculated. C 32.1, H 4.58, N 18.7, P 8.29, H.O 7.2 


1 All rotations were measured on samples that had been dried to constant weight 
in vacuo over P.O; at 100°. The same method of drying was used for determination 
of water content. 

2C, H, N, P analyses by the Microchemical Specialties Company, Berkeley, 
California. 

3 By the micro-Kjeldahl method. When either the hydrated or the anhydrous 
sample was analyzed by the micro-Dumas method (Kirsten procedure with nickel 
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The optical rotation of the dried sample was [a]?? = —65.4°, c 0.5 per cent 
in 0.5 M disodium hydrogen phosphate (pH 7.8). Cohn (8) has reported 
a decomposition point of 176-178° for adenylic acid a. The reason for 
the discrepancy in decomposition point is not known. Brown and Todd 
(5) report a value of 187° for both the natural and synthetie adenylic acid 
a. 

Adenylic acid b was prepared from the mother liquor of the monocyclo- 
hexylammonium adenylate a after concentration to dryness in vacuo, and 
re-solution of the residue in about 300 ml. of water. Concentrated formic 
acid was added dropwise to pH 2.7, the solution diluted with 600 ml. of 
alcohol, and crystallization allowed to take place at 0° for 3 days. 9.5 
gm. of adenylic acid b free from detectable amounts of adenylic acid a 
by paper chromatography were obtained. When placed in the bath at 
189°, the air-dried substance browned at 192° and decomposed with evolu- 
tion of gas at 196° (uncorrected). The same compound could be re- 
covered on recrystallization from 60 per cent alcohol provided crystalliza- 
tion was allowed to take place slowly by allowing the hot alcoholic solution 
to stand for several hours at room temperature before placing in the re- 
frigerator. 

.O;N;P-H2O 

Calculated. C 32.9, H.4.38, N 19.2, P 8.49, HO 4.9 


The optical rotation of the dried compound was [a]? = —45.4°, c 0.5 
per cent in 0.5 m disodium hydrogen phosphate (pH 7.8). 

When a hot alcoholic solution of adenylic acid b was cooled quickly in 
ice, a crystalline product separated which decomposed at about 208° (in 
a bath at 189°). The same compound could be recovered either by ap- 
plication of the same crystallization procedure or by concentration of an 
aqueous solution in vacuo to incipient crystallization and addition of al- 
cohol. This adenylic acid b proved to be relatively anhydrous, varying 
in water content from 0.2 to 1.1 per cent. It gave the same optical rota- 
tion under the same conditions as the hydrated form mentioned above 
and could not be distinguished from it by paper chromatography. 


CioH1,0;N;P. Calculated. C 34.6, H 4.07, N 20.2, P 8.94 
Found. 34.4, 4.23, 20.0, 8.83, 1.1 


The preparation of adenylic acid b with a decomposition point of 208° 
apparently has not been reported previously. That prepared by Cohn 
(8) was stated to melt with decomposition at 195—198°, but the water con- 
tent was not given. The synthetic adenylic acid b of Brown and Todd (5) 


oxide at 1000°), the nitrogen values were approximately 1 per cent lower than the 
theory. 
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melted with decomposition at 197° but gave analyses in better agreement 
with the anhydrous than with a hydrated sample. From the mother 
liquor fraction, a hydrated adenylic acid b was obtained containing 1.5 
moles of water of hydration. The decomposition point of this sample, 
however, was not reported. 

A cyclohexylamine salt of adenylic acid 6 was prepared in about 55 per 
cent yield by warming 1.5 gm. of the free acid suspended in 3 ml. of water 
with an equivalent amount of cyclohexylamine and adding approximately 
10 volumes of alcohol. The crystalline salt melted with decomposition 
at 177° (in a bath at 170°), and the decomposition point was not changed 
on recrystallization from 95 per cent alcohol. 

Preparation of Adenylic Acids a and b by Elution from Dowex 2 (For- 
mate)—It was of interest to compare the properties of the chemically 
fractionated samples of adenylic acids with those prepared by ion exchange 
after the general procedures of Cohn (3). A 100 gm. sample of com- 
mercial sodium ribonucleate was hydrolyzed and placed on a 43 em. X 
16 sq. em. Dowex 2 (formate) column by procedures previously described 
(7). On elution with 0.091 mM sodium formate buffer at pH 2.7 the mixed 
eytidylic acids were found in the fractions from 1.8 to 6.2 liters, optical 
density ratio, 280 myu/260 my 1.8 to 2.0 (rate of flow approximately 1.5 
ml. per minute). Further elution with the same solvent showed separa- 
tion of the two adenylic acids, adenylice acid a occurring in the fractions 
from 12.3 to 17.5 liters and adenylic acid 6 in the fractions from 17.5 to 
22.3 liters. The remaining portion of the latter was eluted with 1 n for- 
mic acid, giving an additional 1.4 liters. The respective fractions were 
concentrated to dryness in vacuo and the residue in each case recrystallized 
twice. The yield of adenylic acid a was 7.06 gm., with the same decom- 
position point and optical rotation as described above for the sample pre- 
pared from the purified cyclohexylammonium salt. The adenylic acid 
bh recovered amounted to 8.24 gm. and showed the decomposition be- 
havior of the hydrated form mentioned above, decomposing at 193° 
when placed in the bath at 189°. When recrystallized quickly by the 
procedures described above, the relatively anhydrous substance with a 
decomposition point of about 208° was also found. 


Optical Activity of Isomeric Adenylic Acids under Different Conditions— 
The specific rotations of the two isomers under different conditions are | 


recorded in Table I. When solutions of both isomers in 10 per cent HC! 
were readjusted to pH 8 to 9 after standing at room temperature for about 
30 minutes, values of [a]??> = —61.6° and —45.1° were found for the a 
and b isomers respectively. Whether or not the decrease in rotation of 
adenylic acid a was due to isomerization or to degradation was not deter- 
mined. 
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As Levene (9) reported values of —38.8° in 10 per cent HCl and of 
-—43.0° in 5 per cent NHsg, it is apparent that he was dealing with adenylic 
acid b. Cohn (8) has given values of —62° and —55° in alkali of unspeci- 
fed normality for adenylic acids a and b respectively. 

Enzymic Dephosphorylation of Adenylic Acid a—3.11 gm. of mono- 
cyclohexylammonium adenylate a were dissolved in about 450 ml. of 


TABLE I 
Optical Activity of Adenylic Acids under Different Conditions 


Specific optical activity (21-24°) 


Adenylic acid a ‘Adenylic acid 


- 


degrees degrees 
0.5 m phosphate, pH 5.4. . 5.3 — 58.5 —51.8 
0.5 “ 6.6 — 60.0 —45.6 
0.5 NasHPO, 7.8 —65.4 —45.4 
5% NHs. 10.8 —65.6 —44.1 
S 060, 
(a), CALCULATED AS 
O55, ADENOSINE 62° 
Cor 
° o 10 20 30 40 80 90 100 


TIME IN MINUTES 
Fig. 1. Changes in optical rotation during hydrolysis of adenylic acid a (@) and 
adenylic acid b (O) by prostatic phosphatase at pH 5 to 6. Concentration of ade- 
nylic acids, 0.5 per cent; enzyme powder, 0.05 per cent; polarimeter tube, 2 dm. 


water (pH 5.0) and treated in a total volume of 500 ml. with a filtered 
solution (Celite) containing 250 mg. of prostatic phosphatase (10). The 
optical rotation of the solution was measured at short intervals during the 
hydrolysis, and small aliquots were removed for inorganic and organic 
phosphorus analyses (7) and paper chromatography (2). The observed 
rotation with time is plotted in Fig. 1. The results of the phosphorus 
analyses showed that after 10 minutes 85 per cent of the adenylic acid had 
been dephosphorylated and that digestion was complete after 1 hour. 
Paper chromatograms of the solution during digestion likewise showed 
that all of the adenylic acid had been converted to adenosine after 1 hour. 
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The pH at the end of the digestion was 6.2. After standing for 24 hours 
at room temperature, the remaining solution was concentrated to a small 
volume in vacuo, and the latter treated with Norit and filtered hot. On 
standing in the refrigerator, crystalline adenosine, 1.28 gm., separated. 
The dried sample gave [a]?? = —63.0°, c 0.5 in 0.5 m phosphate buffer 


of pH 6.2 as compared with values of [a], = —63.3° and [a]? = —582° 


for aqueous solutions of natural and synthetic adenosine respectively (6, 
11). After two recrystallizations the product showed a decomposition 
point of 229° (uncorrected) when placed in the bath at 130°. If the sub- 
stance was placed in the bath at 150°, it melted immediately. The air- 
dried product contained 9.3 per cent water of crystallization, in agreement 
with that calculated for CyoH:;0,N;-13H2O. The dried compound gave 
the following analysis. 


CioHis0.N 
Calculated. C 45.0, H 4.87, N 26.2 


Found.? “45.0, “ 4.89, “ 26.4 


Levene and Jacobs (6) give a corrected decomposition point of 229° for 
natural adenosine, while Davoll, Lythgoe, and Todd (11) report a value 
of 234-235° for the synthetic sample. 

Enzymic Dephosphorylation of Adenylic Acid b—2.54 gm. of the anhy- 
drous adenylic acid b were dissolved in 450 ml. of water with the aid of 1 
equivalent of cyclohexylamine, pH 5.3. The enzyme was added as de- 
scribed above and polarimeter readings were taken at intervals as given 
in Fig. 1. Phosphorus analyses showed that digestion was complete after 
25 minutes and the only spot found on paper chromatography of the solu- 
tion was one corresponding to adenosine. The pH at the end of the di- 
gestion was 6.6. The adenosine was isolated as described above and the 
yield amounted to 1.26 gm. The optical rotation found was [a]; = —62.0° 
under the conditions mentioned. The decomposition point after recrystal- 
lization from water was 229° (uncorrected) when the sample was placed 
in the bath at 130°. An equal mixture with the adenosine obtained from 
the adenylic acid a gave the same decomposition point. Found, H:0 
9.6 per cent. The anhydrous sample gave C 44.74, H 4.80, N 26.43 per 
cent. 

Dephosphorylation of both isomers was also carried out at pH 7.9. 
The hydrolysis was observed polarimetrically, and in this case also the 
formation of the same adenosine was observed without evidence of muta- 
rotation. 


DISCUSSION 


The isolation of adenylic acid a by a procedure involving recrystalliza- 
tion of a nearly neutral salt confirms the purity of the recrystallized sam- 
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ples fractionated by the ion exchange procedures. Because relatively 
good fractionation was obtained on direct elution of the mixed nucleotides 
present in a nucleic acid hydrolysate, a chemical fractionation by means of. 
eyclohexylamine appears to be unnecessary. The neutral nature of the 
cyclohexylammonium salt, the ease with which it may be recrystallized, 
and its relatively sharp decomposition point make it a desirable com- 
pound for the characterization of the a isomer. 

The demonstration that the two adenylic acids give the same adenosine 
on enzymic dephosphorylation without evidence of mutarotation offers 
strong confirmatory evidence to the synthetic data of Brown and Todd (5) 
that the isomerism of the two compounds is due to the location of the 
phosphate grouping at the 2’ and 3’ positions respectively. It should be 
pointed out, however, that the instantaneous conversion of a highly un- 
stable adenosine to that found is not precluded by the present experi- 
ments. The synthetic experiments cited (5), however, would appear to 
eliminate this possibility. 


SUMMARY 


A chemical method involving fractionation of the cyclohexylammonium 
salts is presented for the preparation of adenylic acids a and b. 

The enzymic dephosphorylation of the two adenylic acid isomers to the 
same crystalline adenosine is demonstrated. No evidence of mutarota- 
tion of a more unstable adenosine to that usually isolated was observed. 

The present results are in agreement with other published data which 
show that the isomerism involves the location of the phosphate in the 2’ 
and 3’ positions respectively of adenosine. 
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EFFECT OF BEEF SPLEEN EXTRACT UPON THE ENZYMATIC 
HYDROLYSIS OF HEMOGLOBIN 


By SISTER ELEANOR MARIE BRADY 


(From the Father Gillet Unit of the Institutum Divi Thomae, Immaculata College, 
Immaculata, Pennsylvania) 


(Received for publication, February 26, 1952) 


In the course of investigations! (1) on an aqueous, alcohol-treated ex- 
tract of beef spleen which has been employed to cause regression of human 
basal cell epithelioma (2) it was noted that the extract apparently caused 
increased activity of crude pepsin and trypsin. The present work was 
undertaken to investigate the nature of the action of the extract on the 
hydrolysis of hemoglobin by crystalline enzymes. It was found unex- 
pectedly that the effect was not simply one of accelerated hydrolysis but 
that increased numbers of peptide bonds were broken so that maximal 
hydrolysis of the substrate could be attained in the presence of the extract. 


Materials and Methods 


The substrate was a 2.5 per cent solution of technical grade beef hemo- 
globin (Eastman Kodak Research Laboratory) in 0.06 nN HCl. Pepsin, 
twice crystallized from dilute alcohol (3), and trypsin, purified by treat- 
ment with trichloroacetic acid, twice crystallized (4) (Worthington Bio- 
chemical Laboratory), were the enzymes used. In brief, the beef spleen 
extract was prepared as follows: Beef spleens were obtained on the day of 
killing, trimmed of fat, connective tissue, and blood vessels, ground thor- 
oughly, weighed, and added to a volume of distilled water equal in weight 
to the weight of the tissue. The suspension was frozen and thawed three 
times; 1 day was allowed for each freezing and thawing. The proteins 
were precipitated by adding 95 per cent alcohol over a period of 3 to 4 
hours until an amount 4 times that of the volume of tissue and water had 
been added. The mixture was allowed to stand overnight at room temper- 
ature, then filtered free of tissue and precipitated proteins. The filtrate 
was concentrated in vacuo to ene-half the volume of distilled water added 
to the ground tissue. The fat content was extracted with three separate 
portions of ether and discarded. The water solution was concentrated to a 
final volume of 1 ml., equivalent to 15 gm. of original tissue, adjusted to 
pH 6.8 to 7.0, sterilized, and stored in sterile serum bottles. A more 
detailed description of the preparation is given in the literature (2, 5). 

The rate of protein breakdown was determined at room temperature by 
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the microgasometric technique of Van Slyke (6) and by the formol titra- 
tion of carboxyl groups with the glass electrode (7). The pH with pepsin 
was 2.4 and with trypsin, 7.8. 

The reaction mixture contained 40 mg. of hemoglobin and 1 mg. of 
crystalline enzyme, adjusted to the desired pH. 1 ml. of buffer solution 
(0.2 m acid phthalate with pepsin and 0.1 m phosphate with trypsin) was 
added and the total volume brought to 10 ml. with distilled water. In 
the experimental solutions, spleen extract was substituted at the beginning 
of the hydrolysis in place of an equal volume of water. The concentration 
of extract ranged from 1 to 20 mg. of dry weight per ml. of sample of re- 
action mixture. 1 ml. samples were removed hourly and the extent of 
hydrolysis was determined by measuring the amino nitrogen evolved ac- 
cording to the Van Slyke procedure and by formol titration. The quan- 
tity of amino nitrogen measured hourly was compared with that obtained 
from hemoglobin which had been refluxed for 24 hours with constant 
boiling HCl and expressed as “per cent hydrolysis.” 

In addition to the experiments for which data are herein supplied, similar 
ones were performed in which one or more of the factors which influence 
the activity of enzymes were varied, such as temperature and concentra- 
tion of substrate and of enzyme. Several hundred experiments were per- 
formed, all either in duplicate or triplicate. In all the work, the resulis 
were qualitatively similar. | 

When it was observed that the per cent of hydrolysis was greatly in- 
creased in the presence of beef spleen extract, an effort was made to learn 
further characteristics of this unexpected result: (1) 1 mg. of dry weight 
of spleen extract was added to 1 ml. of the hydrolysate from both pepsin 
and trypsin digestion of hemoglobin to learn whether or not amino nitrogen 
would be liberated in excess of the amount obtained from the original 
hydrolysis. (2) 1 mg. of extract and 0.1 mg. of fresh enzyme were added 
per ml. of hydrolysate obtained from pepsin and trypsin digestion to 
eliminate the possibility that the original enzyme had been inactivated 
before the addition of the extract in part (1). (3) The tyrosine content of 
the enzymatic hydrolysate was measured on a Fisher electrophotometer 
prior to and following the addition of 1 mg. of spleen extract per ml. of 
hydrolysate. (4) 0.1 mg. of fresh enzyme was added per ml. of hemoglobin 
digest to ascertain whether or not additional hydrolysis would occur. If 
so, the extract had merely a protective effect upon the enzymes. 

On the basis of amino nitrogen production, no reaction occurred between 
the extract and the enzyme, nor between the extract and the substrate. 
The level of amino nitrogen in each enzyme, alone and also in combination 
with ‘spleen extract, was constant over the experimental period (Table I). 
These values were subtracted from all the results herein reported. The 
values for blank determinations on the reagents used were also subtracted. 
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Spleen extract was analyzed for the presence of metatlie ions, according 
to the routine procedure for inorganic substances, for nitrogen, and ter 
sulfur. Since magnesium, one of the metals found in the extract, is known 
to be essential in many biochemical reactions, experiments were performed 
to test its effect on the proteolytic enzymes. On the basis of a sulfur con- 
tent of 0.028 per cent in the extract, glutathione and cysteine hydrochloride 
were substituted for the extract and the results compared. The high amino 
nitrogen content of the extract indicated the presence of amino acids. In 
view of the fact that L-histidine, pL-alanine, and L-glutamic acid are 
known to activate one or more proteolytic enzymes, each of these amino 


TABLE I 
Amino Nitrogen Obtained from Spleen Extract and Crystalline Enzymes, Separately 
and Combined 

Amino nitrogen at 0 

Substance pH Concentration time and after 1, 4, 
and 5 hrs. 

me. me. 
Spleen extract 2.4 1.0 0.0492 
Crystalline pepsin | 2.4 1.0 0.0210 
(Spleen extract 1.0 

2.4 | 0.0505 


{Crystalline pepsin 0.1 
Spleen extract 7.8 1.0 0.0500 
7 1.0 
] 


Crystalline trypsin 0.0098 
Spleen extract 0 
7.8 0.0502 
Crystalline trypsin 0.1 


acids was tested in concentrations sufficient to give an amount of amino 
nitrogen equal to that in the extract. 


Results 


The hydrolysate from a 24 hour hydrolysis of hemoglobin in constant 
boiling HCl yielded an average of 0.0863 mg. of amino nitrogen per mg. 
of substrate. Maximal hydrolysis of hemoglobin by crystalline pepsin 
yielded 24.8 per cent of the above quantity, while the yield from crystalline 
trypsin hydrolysate averaged 26.95 per cent. 

The addition of spleen extract in concentrations of 1, 5, 10, 15, and 20 
mg. of dry weight per ml. of sample of reaction mixture increased the 
degree of hydrolysis beyond that caused by the enzymes alone (Table IT). 

The amount of amino nitrogen liberated upon the addition of spleen 
extract to the digest remaining from the 5 hour enzymatic hydrolysis of 
hemoglobin was slightly less than the sum of the amino nitrogen obtained 
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from the digest plus the amino nitrogen content of extract added, as shown 
by the results for a typical experiment (Table III, a and b). The amount 
of amino nitrogen liberated upon the addition of spleen extract and fresh 
enzyme to the digest remaining from the enzymatic hydrolysis of hemo- 


TABLE II 


Effect of Various Concentrations of Spleen Extract upon Enzymatic Hydrolysis of 
Hemoglobin by Crystalline Enzymes 


Amino nitrogen in 5 hrs. (maximal bydrolysis)* 


| Average per cent 
Dry weight 
of spleen ex- Formol titration Gasometric determination 
tract per ml. 
sample of 
reaction Pepsin Trypsin Pepsin Trypsin Pepsin Trypsin 
mixture 
pH 2.4 pH 7.8 pH 2.4 pH 7.8 pH 2.4 pH 7.8 
mg mg mg. mg. mg 
None 0.0217 0.0224 0.0211 0.0242 24.80 26 .95 
1 0.0426 0.0423 0.0400 0.0455 47 .80 50.85 
5 0.0763 0.0758 0.0760 0.0777 88 .20 88 .90 
10 0.0858 0.0860 0.0824 0.0868 98 .00 99 .80 
15 0.0870 0.0865 0.0865 0.0870 100 .00 100.00 
20 0.0915 0.0875 0.0875 0.0878 100 .00 100 .00 


* Corrected for amino nitrogen content of extract present. 
t Results for 24 hour constant boiling HCl hydrolysis (0.0863 mg.) considered 
100 per cent. 


TABLE III 


Comparison of Amino Nitrogen Content of Hydrolysate of Hemoglobin with Similar 
Hydrolysate after Addition of Spleen Extract or of Fresh Crystalline Enzyme 


Amino nitrogen 


Sample Pepsin activity Trypsin activity 
pH 2.4 pH 7.8 
meg. mg. 


(a) 1 ml. hydrolysate at close of 5 hr. experimental | | 
(6) Same as (a) extract with 0.0656 mg. | 
(c) Same as (a) + feash pepsin with 0.0220 mg. | | 
(d) Same as (a) + fresh trypsin with 0.0167 mg. | 


* These results were constant hourly over an additional 5 hour period. 
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globin, after a 5 hour period of standing, was also slightly less than the 
total amino nitrogen in the digest, extract, and enzyme. The tyrosine 
content of the digest from the enzymatic hydrolysis was slightly higher 
after the addition of extract, but the increase was accounted for by the 
presence of the small tyrosine content (about 2 per cent) of the extract 
itself. The increase in amino nitrogen following each addition of fresh 
enzyme to the digest from the enzymatic hydrolysis of hemoglobin was 
found to be approximately the same as an enzyme blank in the case of 
both crystalline pepsin and trypsin (Table III, c and d). Thus, the in- 
crease in amino nitrogen in the presence of the extract cannot be attributed 
to preservation of the enzyme from inactivation. 

Among the known activators of proteolytic enzymes are metals and 
sulfhydryl groups (8); of pepsin, hydrogen cyanide, alanine, histidine, and 
glutamic acid (9); and of trypsin, alanine (10). Analysis of the extract 
revealed the presence of magnesium (0.08 per cent) and sulfur (0.028 per 
cent). The high content of amino nitrogen in the extract would indicate 
the presence of amino acids. 

Results of experiments testing the ash show that there was no increase 
in proteolysis. After correction was made for the amino nitrogen content, 
it was found that neither glutathione nor cysteine hydrochloride had any 
effect on the proteolysis in concentrations comparable to those of the 
extract. Similar negative results were obtained with t-histidine, pi-ala- 
nine, and L-glutamic acid. 


DISCUSSION 


An increased amount of amino nitrogen was released by crystalline pep- 
sin and trypsin when the hydrolysis of hemoglobin was carried out in 
the presence of an aqueous, alcohol-treated extract of beef spleen. Suffi- 
clent concentrations of extract allowed maximal hydrolysis of hemoglobin, 
whereas pepsin and trypsin alone brought about 24.8 and 26.95 per cent 
hydrolysis, respectively. 

The extract alone did not effect a hydrolysis of hemoglobin nor did it 
promote the further hydrolysis of hemoglobin subsequent to the prior 
maximal hydrolysis by pepsin or trypsin alone, even when fresh enzyme 
was added. These facts suggest that some component of the extract acts 
in conjunction with the enzyme on the original substrate to bring about a 
degree of hydrolysis exceeding that predictable on the basis of enzyme 
specificity. 

The increase in proteolytic activity in the presence of spleen extract 
was more than a protective action upon the enzyme, since the addition of 
fresh enzyme to the hydrolysate did not bring about additional hydrolysis. 
The amount of hydrolysis obtained in the presence of the extract also in- 


nN 
it 
sh 
0- 
of 4 
| 
‘ 
| 


612 EFFECT OF BEEF SPLEEN EXTRACT 


dicates an effect which cannot be accounted for on the basis of protection 
alone. 

It may be noted here that indications of rate increase, as well as increase 
in total amount of hydrolysis, were apparent throughout the work. This 
aspect will be investigated further. 

The one or more substances responsible for this increase have not been 
identified or isolated, although preliminary fractionation with ion exchange 
resins has been accomplished and suggests that different substances may 
be involved for the two enzymes. The high value in the amino nitrogen 
content of the extract indicates the presence of amino acids which have 
been stated to increase proteolytic activity. The results obtained with 
comparable concentrations of L-histidine, DL-alanine, and L-glutamic acid 
were negative. Similarly, the sulfhydryl! group was tested in the form of 
glutathione and cysteine hydrochloride. The stimulation of proteolysis 
was negligible. 


SUMMARY 


The presence of an aqueous, alcohol-treated extract of beef spleen was 
found to eause an increase in the total amino nitrogen obtained from the 
enzymatic hydrolysis of hemoglobin by crystalline pepsin and _ trypsin. 
The quantity of amino nitrogen obtained was greater than that resulting 
from enzymatic hydrolysis in the absence of the extract. Addition of the 
extract alone, and of extract and fresh enzyme to the enzymatic digest, did 
not promote further hydrolysis. ‘ 

Analysis of the extract showed the presence of known activators of pro- 
teolytic enzymes, none of which was responsible for the degree of hydrolysis 
achieved in the presence of the extract. The ash of the extract had no ef- 
fect on the proteolysis. ! 

The substances responsible for the increased proteolytic activity have 
not been isolated or identified and work is in progress toward this end. 


The author wishes to thank Dr. Elton 8. Cook and Dr. C. W. Kreke 
of the Institutum Divi Thomae, Cincinnati, Ohio, for their constructive 
criticisms and helpful suggestions during the course of this study. 
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THE EFFECT OF INSULIN ON THE INCORPORATION OF C* 
INTO THE PROTEIN OF RAT DIAPHRAGM* 


By F. MAROTT SINEX, JEAN MacMULLEN, anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts, and the Biochemistry Division of the Medical Department, 
Brookhaven National Laboratory, Upton, New York) 


(Received for publication, May 5, 1952) 


Insulin is known to increase glycogen formation and glucose utilization 
in rat diaphragm incubated in vitro (1-3). We have found that insulin 
also increases the incorporation of C™ from carboxyl-labeled alanine into 
diaphragm protein. This action of insulin is suppressed by the addition 
of glucose to the incubating medium. 


Methods 


The diaphragms were removed from male Sprague-Dawley rats weighing 
between 90 and 110 gm., which had access to food up to the time of the 
experiment. The diaphragms were washed in saline and the two lateral 
segments dissected while they were suspended in incubation medium. The 
two approximately equal segments were blotted and weighed on a torsion 
balance. One lateral segment served as a control for the other. They 
were incubated at 37° by means of a Dubnoff apparatus (4) in 2.2 ml. of 
medium buffered with CO.-HCO;-. The composition of this medium, 
expressed as milliequivalents per liter, was as follows: Nat 138, Kt 5, 
Cat+ 10, Mgt*+ 5, HPO. 2, Cl- 133, and HCO; 25. The Dubnoff ap- 
paratus was gassed with 95 per cent O2-5 per cent CO2. Insulin, when 
present, was added in 0.1 ml. of solution to give a final concentration of 
0.6 unit per ml. When glucose was present, the concentration was 100 
mg. per cent (5.5 mm per liter). When pyruvate was present, 11.1 m.eq. 
of NaCl were replaced by 11.1 m.eq. of sodium pyruvate prepared from 
redistilled pyruvic acid. pui-Alanine was added in 0.1 ml. of solution so 
as to give a final concentration of 0.3 mm per liter. This alanine labeled 
in the carboxyl group and obtained from Tracerlab, Inc., had a specific 
activity of 1.1 X 10° disintegrations per minute per millimole. 

At the end of 2 hours of incubation, the sections of diaphragm were re- 
moved and killed with 0.1 m sulfuric acid. They were rinsed with water 
and homogenized in a Potter-Elvehjem homogenizer with 5 ml. of 0.4 
N NaOH. The homogenized material was transferred to a 15 ml. centri- 


* Supported in part by the United States Atomic Energy Commission and in part 
with funds from the Eugene Higgins Trust through Harvard University. 
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fuge tube containing 7 ml. of 10 per cent trichloroacetic acid. The transfer 
was completed with 2 additional ml. of wash water. 

Following centrifugation, the precipitate was thoroughly washed with 
two successive 4 ml. portions of 5 per cent trichloroacetic acid. The 
precipitate was suspended in 1 ml. of 0.4 n KOH and recoagulated with 
5 ml. of 5 per cent trichloroacetic acid. The protein was then hydrolyzed 
with 3 ml. of 3 N HCl by autoclaving at 16 pounds pressure for 10 hours, 

The specific activity of the carboxy] groups of the amino acids was then 
estimated by determining the CO: released when the amino acid hydroly- 
sate was neutralized and treated with ninhydrin (5). The samples were 
transferred from the Van Slyke apparatus directly into tubes for gas phase 
counting, as described by Van Slyke, Steele, and Plazin (6). 


TABLE I 
Effect of Insulin on Incorporation of C\4 Derived from Alanine into Diaphragm Protein 
The results are expressed as per cent change from controls without insulin. 


No glucose or pyruvate | Glucose, 5.5 mm per liter Pyruvate, 11.1 mM per liter 
+91 —] +14 
+14 | —24 +17 
+79 | — 36 +11 
+42 +22 | +14 
+77 —19 —16 
+59 —14 +31 
+36 —4 +12 

| ~9 | +42 
Mean +56.8 —10.6 | +15.6 
Results 


Table I shows the effect of 0.6 unit of insulin per ml. on the incorpora- 
tion of C into diaphragm protein in the absence of additional substrate, 
in the presence of 100 mg. per cent of glucose, and in the presence of 11.1 
mm per liter pyruvate. 

The action of insulin in the absence of added glucose or pyruvate in 
increasing the incorporation of C™ into the protein of diaphragm is demon- 
strated in the first column of Table I. | 

The incorporation of alanine C™ in the control hemidiaphragms aver- 
aged 4.54 X 107? um per mo of protein amino acid during the 2 hours of 
incubation. In the presence of insulin this was increased to 7.07 X 107° 
uM per-mM. 

‘When glucose was present in the medium, this stimulation was not ob- 
served, as shown in the second column of Table I. Indeed, there was usu- 
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ally a slight depression of incorporation. When pyruvate was preserit, a1 
increase in C* incorporation was observed in seven out of the eight experi- 
ments, but this increase averaged only 15.6 per cent as compared with an 
average of 56.8 per cent in the absence of glucose or pyruvate. 


TaBLeE II 


Per cent Increase or Decrease in Incorporation of C'* Derived from Alanine into 
Diaphragm Protein Caused by Glucose and Pyruvate 


Glucose, 5.5 mM per liter Pyruvate, 11.1 mm per liter 

+15 — 63 
— 34 —49 
—16 — 55 
—24 —62 

—3 —44 
— 22 —5l 

—14.0 | —54.0 


Effects of Glucose and Pyruvate in Absence of Insulin 


The observation that insulin had little effect upon the incorporation of 
C4 from alanine into protein in the presence of glucose made it desirable 
to determine more precisely the effect of glucose alone and of pyruvate 
alone on the incorporation of alanine carbon. Glucose was added to the 
medium in which one member of a pair of hemidiaphragms was incubated. 
The results of these experiments, given in the first column of Table II, 
show that glucose produced a decrease in alanine carbon incorporation in 
five out of six experiments. 

The results of the experiments in which only pyruvate was added are 
shown in the second column of Table II. It is seen that the incorporation 
of alanine was greatly decreased, averaging 54 per cent below that of the 
control hemidiaphragm. 


DISCUSSION 


Forker, Chaikoff, Entenman, and Tarver (7) have observed that the 
incorporation of sulfur-labeled methionine into muscle protein is consider- 
ably reduced in diabetic dogs and that this defect is corrected by the ad- 
ministration of insulin. This observation is in agreement with the con- 
clusions of Hoberman (8), who followed the excretion of N™ in the urine 
following the feeding of N'-labeled glycine, and of Lotspeich (9), Mirsky 
(10), Russell and Coppiello (11), Ingle e¢ al. (12), and Bouchaert and de 
Duve (13), who followed changes in the concentration of blood amino acids 
after the administration of insulin. 
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Our results show that the stimulatory effect of insulin on amino acid 
incorporation can also be demonstrated in vitro with diaphragms from 
normal rats, thus extending the zn vitro effects of insulin already demon- 
strated on the metabolism of glucose (2, 3, 14) to include protein me- 
tabolism. 

A comparison of the effects of insulin, in the presence and absence of 
added substrates, is more readily made by reference to Fig. 1. 

The effect of insulin, in the absence of added glucose or pyruvate, was 
to increase markedly the incorporation of C-labeled alanine into the dia- 
phragm protein. When glucose was present, the effect of insulin was to 


RATE 


150 g 


CONTROL INSULIN 


CONTROL | INSULIN 
CONTROL [INSULIN 


NO ADDITIONAL 5.5 mM/L 
SUBSTRATE GLUCOSE PYRUVATE 


PER CENT OF CONTROLS WITH NO ADDITIONAL SUBST 


Fic. 1. The effect of insulin on the incorporation of C from pL-alanine into dia- 
phragm protein. 


decrease the alanine incorporation slightly (—11 per cent). When pyru- 
vate was present, the addition of insulin resulted in a slight increase (+16 
per cent). It may be noted, moreover, that the effect of either glucose or 
pyruvate in the presence of insulin was to decrease markedly the alanine 
incorporation below that found in their absence. 

It would appear that insulin may exert a stimulatory effect on the for- 
mation of peptides or proteins either directly or through an effect on high 
energy phosphate bond formation (15-18). 

When pyruvate was present, the incorporation of labeled alanine into 
proteins was markedly inhibited (—54 per cent). This could be due to 4 
decrease in specific activity of the alanine through dilution of labeled ala- 
nine with unlabeled alanine derived from pyruvate. However, the addi- 
tion of insulin still produced a relative increase in alanine incorporation. 
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When glucose was present, the incorporation of labeled alanine into 
proteins was slightly inhibited (— 14 per cent), and the addition of insulin 
failed to increase the alanine incorporation. The reduction in alanine 
incorporation when glucose was being metabolized may be related to the 
observation of Siekevitz (19) that the addition of hexokinase and glucose 
to a liver homogenate system considerably reduced the incorporation of 
alanine into protein. 

From these results it would appear that a description of the metabolic 
activity of insulin should include an explanation for its stimulatory activity 
on the incorporation of alanine into protein, an activity apparently not 
dependent upon an increased conversion of glucose to glucose-6-phosphate. 


SUMMARY 


Insulin increased the incorporation of C' from carboxyl-labeled pt-ala- 
nine into the protein of rat diaphragm in vitro in the absence of added 


substrates. 

Pyruvate markedly decreased the incorporation of C'-alanine into dia- 
phragm protein. Glucose produced a slight decrease in the incorporation. 
In the presence of these added substrates, insulin had only slight effects. 
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AMINO ACID INCORPORATION IN VIVO INTO 
LIVER FRACTIONS 


Bry ROBERT BRUNISH* ano J. MURRAY LUCK 


(From the Department of Chemistry, Stanford University, Stanford, 
California) 


(Received for publication, January 25, 1952) 


Schoenheimer et al., in 1939, clearly demonstrated that body proteins 
are metabolically “active (1). Liver tissue rapidly takes up amino acids 
following their injection or feeding. The time for half replacement of the 
liver protein in the rat has been estimated to be about 7 days (1, 2). 
Bergstrand et al. have briefly reported the uptake of N'*-labeled glycine 
by nuclear and cytoplasmic components of rat liver (3). Fractionation of 
liver following injection of labeled amino acids showed incorporation of 
the amino acids into nuclear, mitochondrial, microsomal, and supernatant 
fractions within 4 hour (4). In this paper further fractionation of one of 
these major components, the nucleus, will be described. Interest was 
centered in this fraction, since little is known about the metabolic activi- 
ties of its protein components, although it is known that desoxypentose 
nucleic acid is metabolically inert (5, 6). Since the genetic apparatus is 
thought to possess great stability, knowledge of the metabolic activities of 
the proteins of the nucleus may be of some interest. 


Procedure 


Amino Acids—-Phenylalanine-3-C™, of specific activity 0.505 me. per 
mM, and alanine-1-C", of specific activity 0.698 me., obtained from 
Tracerlab, Inc., were employed. 

Administration of Amino Acid—The amino acid was dissolved in dis- 
tilled water and fed by stomach tube to the animals following a 5 hour 
fasting period. 

Citric Acid Fractionation Procedure (pH 6.0)—At the end of a specified 
time after administration of the amino acid, the rats were stunned and 
decapitated, and their livers were perfused in situ, removed, and quickly 
frozen. After being thawed, they were homogenized in a Waring blendor 
in 0.002 m citric acid. Nuclei were prepared essentially by the citric acid 
method (pH 6.0) of Dounce (7). The method was modified by using 0.02 
M acetate buffer, pH 6.0, in place of the water washes, and by washing 


* Fellow of the National Cancer Institute, United States Public Health Service. 
Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Los Angeles. 
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the nuclei only three times. The acetate washes and the first citric acid 
supernatant phase were combined and designated “cytoplasm.” The nu- 
clei so obtained were extracted with 0.14 m NaCl containing 0.01 m sodium 
citrate, 1 volume of solution being employed for each gm. of liver. The 
extract was saved for analysis and the nuclei were then extracted twice 


DIaGRAM 1 
Fractionation Procedure* 
Homogenate (1) 

+ 0.002 m citric acid 


Nuclei (3) Cytoplasm (2) 
+ 0.14 m NaCl 


Soluble (4) Insoluble 
+ 1.0 m NaCl 


Insoluble (5) Soluble (6) 
+ 6 volumes H,O 


Insoluble DNH (7) 


+ 0.25 n HCl 
Insoluble (8) Soluble 
+ NaCl (saturated) 
Ppt. 
+ H,O 


Soluble histone (9) 


* The numbers in parentheses designate fractions reported upon in Tables I, IV, 
and V. 


with 1 m NaCl containing 0.01 m sodium citrate, 1 volume being used for 
each 2 gm. of liver. A residue, insoluble in 1 mM NaCl, and a desoxy- 
pentose nucleohistone (DNH) solution were thereby obtained. The DNH 
was precipitated, in a non-fibrous form, by diluting the solution with 
water to reduce the salt concentration to about 0.14 mM. An aliquot was 
retained for analysis. The rest of the DNH was suspended in a small 
volume of water and 0.25 n HCl added to make approximately a 0.5 per 
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cent DNH suspension. The histone portion of the DNH, soluble under 
these conditions, was separated from the insoluble non-histone moiety and 
then precipitated by saturating the acid solution with NaCl. It was then 
redissolved in water. This fractionation procedure is outlined in Dia- 
gram 1. It yielded the distribution of protein shown in Table I. 

Citric Acid Fractionation Procedure (pH 4.0)—Whenever the amount of 
tissue available was too small to permit extensive fractionation at pH 6.0, 
an alternative procedure at pH 4.0 was used. The procedure was iden- 
tical except that the tissue was homogenized in 0.04 o citric acid at pH 
4.0 and washed with 0.025 m acetate buffer, pH 4.0. The nuclei so ob- 
tained appeared, microscopically, to contain less cytoplasmic contamina- 
tion than nuclei at pH 6.0. The nuclei were extracted directly with 0.25 
n HCl and the histone fraction and non-histone fraction were obtained. 


TABLE 
Distribution of Protein following Fractionation Procedure 


Fractions* | Per cent of total protein 
| 
4.0.14 m NaCl extract of nuclei................ | 0.75 
5. Nuclear material insoluble in 1 Mm NaCl...... | 0.75 
8. Non-histone portion of DNHf............... | 2.00 


* The fraction numbers refer to the fractionation procedure in Diagram 1. 
t Largely non-protein (desoxypentose nucleic acid). 


Analysis of Samples—Unless specified otherwise, the prepared fractions 
were precipitated with 10 per cent trichloroacetic acid (TCA), centrifuged, 
and washed three times with 5 per cent TCA. They were then washed 
with hot 95 per cent alcohol and finally with ether. The ether-dried 
material was suspended in fresh ether and poured onto a weighed filter 
paper disk mounted on a sintered glass plate attached to a water pump. 
By this technique the sample was evenly mounted and its weight could 
be easily determined. The activities of the samples were determined with 
an autoscaler equipped with a windowless gas flow counting chamber and 
an automatic sample changer (8). Corrections were made for self-absorp- 
tion of the sample and counting efficiency. 

In order to remove nucleic acids, samples from certain runs were sus- 
pended in 5 per cent TCA and heated at 90° for 20 minutes (9). The 
samples were then centrifuged and washed three times with 5 per cent 
TCA and the above procedure continued. 
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In certain runs samples were dialyzed overnight against distilled water 
prior to their being precipitated with TCA. 

Other samples were both dialyzed and hydrolyzed during the washing 
procedure. 

The results in Tables II, IV, and V are presented as disintegrations per 
minute per mg. of material following TCA precipitation and washings, 
and, when employed, hydrolysis and dialysis. 


Results 


Incorporation of Phenylalanine—After being fasted for 5 hours, four 
rats, averaging 200 gm. in weight, were given 6 we. per 100 gm. of body 
weight of phenylalanine. One of these rats was sacrificed after 30 min- 
utes, the others after 1, 2, and 4 hours. The citric acid procedure at pH 


TaBLe II 
Uptake of Phenylalanine by Rat Liver Tissue 


Disintegrations per min. per mg. 


Homogenate Cytoplasm Nuclei 
hrs. 
4 631 727 335 
1 637 748 362 
2 560 634 442 
4 


392 394 224 


4.0 was employed and the nuclei so obtained were not fractionated fur- 
ther. The results are presented in Table II. 

Twenty rats, averaging 280 gm., were fed 6.25 we. of phenylalanine per 
100 gm. of body weight. Two of these rats were kept in metabolism 
cages and their excreta analyzed for the first 3 and 24 hour periods (see 
Table III). Half of the rats were sacrificed 3 hours after the phenyl- 
alanine had been given, and the rest 7 days later. The pooled livers from 
the animals in each group were fractionated by the citric acid procedure 
at pH 6.0. The fractions so obtained were precipitated and washed by 
the procedures described. The results are set forth in Table IV. 

To determine the percentage of radioactivity of the histone present in 
the form of phenylalanine rather than as a metabolically derived product, 
a sample of histone prepared from the liver DNH of rats, which had been 
injected 2 hours earlier, was thoroughly dialyzed against distilled water 
and lyophilized. A small portion of the product was taken to determine 
its specific activity, while the rest was hydrolyzed and chromatographed 
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by the starch column procedure of Moore and Stein. The radioactivity 
detected as phenylalanine was found to be 90.4 per cent of the total radio- 
activity of the histone. None of the radioactivity was present in the 
tyrosine fraction. 

Incorporation of Alanine—Additional experiments were undertaken with 
(“¢arboxyl-labeled alanine. Since the amino acid was labeled in the 
COOH position, it became possible to determine whether or not all of the 
radioactivity associated with a protein fraction was actually part of the 
protein molecule rather than amino acid contamination. 6 ue. of alanine 
per 100 gm. of body weight were fed to eight rats following a 5 hour fast- 


TABLE III 
Ercretion of Phenylalanine 
3 hrs. 24 hrs. 
' Fraction of dose _ Fraction of dose 

excreted | excreted 
| CO2 0.165 0.88 0.459 | 2.45 
Urine  —-0..540 2.88 0.828 4.43 
Feces. 0.003 0.02 0.365 1.95 
II CO, 0.446 2.38 1.037 3.93 
Urine 0.376 2.01 0.658 3.51 
Feces 0.000 0.00 0.590 3.15 


ing period. Half of the rats were sacrificed in 30 minutes. The remain- 
ing four were sacrificed 11 days later. The livers were fractionated by the 
citric acid procedure (pH 6.0). The fractions were divided into two ali- 
quots, one of which was dialyzed prior to precipitation and washing with 
TCA, while the other was not dialyzed. Since the amount of material 
was more limited in this study than in the phenylalanine runs, certain 
fractions had to be omitted. All of the investigated fractions except 
histone were briefly hydrolyzed with 5 per.cent TCA. The results are 
presented in Table V. 

Those fractions of the 30 minute group which were available in suffi- 
cient quantity were subjected to the ninhydrin reaction to determine 
whether any of the activity was present in the form of free alanine rather 
than as alanine incorporated into protein. The undialyzed fractions of 
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626 AMINO ACID INCORPORATION 
the total homogenate, cytoplasm, and nuclear residue insoluble in 1 y it 
NaCl released no radioactive carbon dioxide when allowed to react with h 
ninhydrin. The 0.14 m NaCl nuclear extract released about 1 per cent of a 
F 
TaBLeE IV a 
Incorporation of Phenylalanine t 
Disintegrations per min. per mg. 
3 hrs. 7 days 
Fractions* 
ro- 
Washed | ‘Iyzed | lyzed | hydro- |Washed| ‘iyzed | lyzed | hydro 
lyzed | lyzed 
1. Homogenate.............. 1187 | 1209 986 905 | 276 | 384 432 é 
910 | 882 859 | 291 406 | 
897} 1623; 331 336) 220 
4. 0.14 m NaCl extract of nu- | | | | 
944 1625 707 664 | 222 | 377) 387 | 385 | 
5. Nuclear material insoluble | | | | 
2. 1270 1198 | 804 | 271 162 | ( 
6. Nuclear material soluble | | | 
1524 | 186 | 
8. Non-histone portion of | | | | | 
«(974 | | 195 | 92 | 
* The fraction numbers refer to the fractionation procedure in Diagram 1. 
TABLE V 
Incorporation of Alanine into Rat Liver 
Disintegrations per min. per mg. 
Fractions* 4 hr. 11 days 
Undialyzed | Dialyzed | Undialyzed |  Dialyzed 
1. Homogenate................ 78.2 69.8 8.0 10.9 
2. Cytoplasm............. a 76.8 | 81.3 12.3 9.1 
Soe eee 32.0 | 28.0 6.9 2.8 
4. 0.14m NaCl extract of nuclei.. 54.4 | 30.6 10.4 7.2 
5. Nuclear material insoluble 
65.4 76.0 10.1 9.7 
8. Non-histone portion of DNH 22.9 7.3 4.3 
* The fraction numbers refer to the fractionation procedure in Diagram 1. 
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its activity when similarly treated. The residues remaining in the nin- 


hydrin reaction vessel accounted for 90 to 100 per cent of the initial radio- 
activity of the fractions tested. Residues remaining after the carboxyl- 
labeled alanine was treated with ninhydrin in the presence of unlabeled 
alanine or serum albumin had no activity, although only 75 per cent of 
the initial activity was recovered as BaCOs. 


DISCUSSION 


The half life of the total liver protein, as measured by the rate of dis- 
appearance of phenylalanine and alanine (calculated from Tables [IV and 
V), is slightly greater than 63 days. This value is in agreement with 
those reported in the literature (1, 2). 

The histone fraction takes up the phenylalanine and alanine in smaller 
amounts than the others. The rate of release of the amino acids is some- 
what lower in this fraction than in the others. The percentage of radio- 
activity released in 1 day may be calculated from Tables IV and V 
(“Dialyzed’”’) as 6.3 and 6.7 for phenylalanine and alanine respectively. 
From these data the half life of histone would appear to be 8 days, a rate 
of turnover less than that of other liver proteins but greater than that of 
desoxypentose nucleic acid. 

Histone appears distinctive in another manner. Dialysis in the 3 hour 
phenylalanine run and in the 34 hour alanine run markedly increased the 
activity per mg. of the histone. This may signify the presence of a meta- 
bolically inactive, dialyzable fraction which is associated with histone. 
Preliminary studies to isolate such a dialyzable fraction present with his- 
tone, following acid extraction of DNH, show it to be precipitated in the 
presence of 2 per cent phosphotungstic acid, although it is soluble in 20 
per cent TCA. This fraction could represent a small non-histone protein 
or peptide split from the histone molecule by the action of the dilute acid. 
The size of such a molecule probably excludes the possibility that it is 
concerned with the genetic apparatus. 

At the 30 minute interval in the alanine experiment all the fractions 
had taken up alanine. In order to determine whether there is one pri- 
mary center of amino acid incorporation and protein synthesis in the cell 
one would have to choose time intervals of the order of 1 or 2 minutes 
between administering the amino acid and terminating the metabolic 
activity of the liver. Table II shows that maximum uptake of phenyl- 
alanine by the total homogenate and cytoplasmic fractions had occurred 
about 1 hour after phenylalanine administration. The nuclear fraction 
did not attain maximum uptake until 2 hours had elapsed. This may in- 
dicate that the primary center of amino acid assimilation lies in the cyto- 
plasmic portion of the cell. This is in agreement with other work show- 
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ing mitochondria and microsomes to be the most active portions of. liver 
in protein metabolism (4). : 


SUMMARY 


—1. The incorporation of phenylalanine and alanine into liver has been 
described. The liver was fractionated with citric acid at pH 6.0 and the 
nuclei so obtained further fractionated. Histone appeared to be less ac. 
tive metabolically than the other fractions. 

2. Upon dialysis there was a general loss of radioactivity, although his. 
tone, under these conditions, increased in radioactivity per mg. The 
presence of a dialyzable, metabolically inactive fraction associated with 
histone was postulated. 


This work was pursued, in part, with the assistance of a grant-in-aid 
from the United States Public Health Service (project No. C-484). 


Addendum—The proportion of total liver protein reported in Table I for cy- 
itoplasm is necessarily very high because of contamination with the products of 
nuclear fragmentation. In consequence the corresponding value for nuclei (7 per 
cent) is low. 
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THE REACTION OF CYTOCHROME OXIDASE WITH 
CYANIDE* 


By ERIC G. BALL anp OCTAVIA COOPER 


(From the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, March 31, 1952) 


The ability of cyanide to inhibit the oxygen consumption of biological 
systems has long been known (ef. (4, 13)). Warburg (12, 13) appears to 
be the first to suggest that this action of cyanide was due to its combina- 
tion with the ferric form of the enzyme, called by him the Atmungsfer- 
ment and later called cytochrome oxidase by Keilin and Hartree (5). In 
this paper we make use of this reaction of cyanide with cytochrome oxi- 
dase to obtain some quantitative spectroscopic data on the reduced form 
of this enzyme and to draw certain conclusions concerning the nature of 
this enzyme whose positive identification has been somewhat elusive. 


Methods 


A preparation of beef heart muscle of the type described by Ball and 
Cooper (2) has been used as a source of cytochrome oxidase. This prep- 
aration contains all the components of the electron transmitter system 
(cf. Ball (1)). It was treated with sodium desoxycholate in the manner 
described by Ball, Strittmatter, and Cooper (3) in order to obtain a prep- 
aration suitable for spectroscopic observations. These observations were 
made at room temperature (23° + 2°) with a Beckman DU model spec- 
trophotometer, the wave-length scale of which had been calibrated against 
a series of lines of a mercury arc lamp. Optical cells with a 1 cm. light 
path were employed. When an inert atmosphere was desired, special 
cells fused to a Thunberg type of tube were employed. These were evac- 
uated and flushed repeatedly with nitrogen and reducing agents added 
from the hollow stopper of the Thunberg tube. The potassium cyanide 
employed was recrystallized from water by the addition of 20 volumes of 
ethanol at a temperature of —27°. 


Results 


The procedure employed to reveal the spectrum of reduced cytochrome 
oxidase is based upon the following considerations. Since cyanide reacts 


* This work was supported in part by funds received from the Eugene Higgins 
mane through Harvard University and from the Life Insurance Medical Research 
und. 
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with the oxidized form of cytochrome oxidase and so prevents its reaction 
with other members of the cytochrome chain, it should be possible, in the 
presence of air and cyanide, to reduce some or all of the cytochrome com- 
ponents in a preparation without reducing cytochrome oxidase. The 
spectrum of such a preparation may then be compared with that of a 
preparation in which cytochrome oxidase is also reduced. The difference 
between these two spectra will yield the absorption changes due to the 
conversion of the cyanide complex of oxidized cytochrome oxidase to re- 
duced cytochrome oxidase. Additional corrections may then be made 
for the effect of cyanide and a spectrum obtained which represents the 
difference in absorption between oxidized and reduced cytochrome oxidase, 

In Fig. 1 is shown a representative experiment in which cysteine has 
been employed as the reducing agent. ‘To be suitable for this type of ex- 
periment, a reducing agent must not be able to reduce cytochrome oxidase 
directly (e.g., dithionite), but must act through cytochrome c. Cysteine, 
ascorbate, hydroquinone, and succinate have all been employed and yield 
similar results. The results observed in the ultraviolet region are plotted 
in Fig. 1, A. When all the components are in the oxidized state, a single 
absorption band centered at 415 mu is present. Upon the addition of 
cysteine in the absence of oxygen two bands appear. One, centered at 
442 muy, can be assigned to reduced cytochrome oxidase, as described pre- 
viously (3). The other, at about 417 mu, is due to reduced cytochrome a 
and c and the oxidized form of cytochrome 6. Cysteine does not readily 
reduce cytochrome b, a fact which markedly aids the visualization of the 
cytochrome oxidase band at 442 mu. When cysteine is added in the 
presence of cyanide and air, a different spectrum is obtained, as can be 
seen from the curve labeled ‘‘reduced + KCN” in Fig. 1, A. Now only 
one band, centered at 417 my, appears. The band at 442 mu is no longer 
in evidence. We interpret this to mean that cyanide has blocked the 
reduction of cytochrome oxidase and it remains in the oxidized state 
combined with cyanide. 

The results obtained in the visible region are shown in Fig. 1, B. Here 
the addition of cysteine in the absence of air causes the appearance of a 
spectrum with three distinct peaks located at 523 mu, 552 my (with a 
shoulder at 562 mu), and 605 mu. In the presence of cyanide and air the 
addition of cysteine still produces a three-banded spectrum with peaks at 
the same wave-lengths. There is, however, a decrease in the total absorp- 
tion, which is marked at 605 mu and is somewhat less in the region 550 to 
570 mu. The shoulder at 562 mu has disappeared. This decrease in 
intensity of absorption we attribute again to the non-reduction of cyto- 
chrome oxidase in the presence of cyanide. 

A similar result may be obtained by a somewhat different procedure. 
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In the experiments described above two separate tubes were employed, 
one in air and the other in nitrogen. A single tube may be employed, in 
which air is present. Cyanide and cysteine are added to give a curve sim- 


‘ 
4 
02+ 
OXIDIZED 
REDUCED 
’ — REDUCED + KCN | 
400 450 500 550 600Mu 


Fic. 1. The absorption spectra obtained by reduction with cysteine in the pres- 
ence and absence of cyanide. Measurements were made on 3 cc. of a 2 per cent des- 
oxycholate suspension of the electron transmitter system in 0.05 m glycylglycine 
buffer, pH 7.4. The light path was 1 cm. and the slit width 0.06 mm. from 630 to 
660 mu, 0.02 mm. from 413 to 620 my, and 0.10 mm. from 370 to 410 mg. Readings 
were made at 5 my intervals except at the points of inflection, at which 2 to 3 my 
intervals were employed. The curve labeled ‘‘oxidized’”’ was run in the presence of 
air. The curve labeled ‘‘reduced’’ was determined in the same solution after suc- 
cessive evacuations and flushings of the Thunberg type cell with Nz. Cysteine, 0.1 
ec. of a 0.1 m solution, was tipped in from the hollow stopper. Complete reduction 
requires about an hour in the absence of added cytochrome c. The curve labeled 
“reduced + KCN” was obtained on another portion of the same solution in the 
presence of air. The amount of cysteine added was the same as before. Solid 
KCN, 1.0 mg. weighed on a torsion balance, was added at the same time. The final 
concentration of total cyanide is thus of the order of 0.005 m. The activity of the 
original enzyme preparation used in this experiment was 327 c.mm. of O2 per hour 
per 0.1 ce. of enzyme at 37.2° and pH 7.4 with succinate as substrate and cytochrome 
c added in excess. With p-phenylenediamine as substrate the corresponding value 
was 436 c.mm. The desoxycholate suspension used in Fig. 1, B represents a 2-fold 
concentration of this original preparation. The results for the ultraviolet region, 
Fig. 1, A, were obtained on an aliquot of the same solution diluted 6-fold with the 
buffer-desoxycholate mixture. The results obtained were multiplied by 6 before 
plotting them in Fig. 1, A. 


ilar to that labeled “reduced” in Fig. 1. Solid dithionite (Na2S20,) is then 
added. This reducing agent reacts directly with cytochrome oxidase to re- 
duce it, even in the presence of cyanide. A redetermination of the absorp- 
tion spectrum of the preparation now shows that there has been an increase 
in absorption at 605 my and in the region 550 to 565 mu. The increase 
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in the latter region is, however, very marked, owing to the reduction of 
cytochrome b by the dithionite. Therefore the changes in this region due 
to the reduction of cytochrome oxidase are not as obvious by direct in- 
spection. ‘The same procedure may also be used in the ultraviolet, but 
here again the reduction of cytochrome b interferes with a clear visualiza- 
tion of the changes due solely to cytochrome oxidase. 

These experiments support the thesis that oxidized cytochrome oxidase 


0.3F 
| 
a 
: 
500 550 600 mu 


Fig. 2. The absorption spectra of the oxidized preparation in the presence and 
absence of cyanide. Measurements were made on the same solution and under the 
same conditions employed to obtain the data presented in Fig. 1. Curve 1 is a plot 
of data obtained on the oxidized form of the preparation in the presence of air. 
Curve 2 is the spectrum of the same solution after adding solid KCN to give a final 
concentration of 0.005 m. The data in the ultraviolet were again obtained on a solu- 
tion diluted 6-fold and have been multiplied by 6 before plotting them here. Curve 
3 is obtained by subtracting Curve 1 from Curve 2. 


combines with cyanide.!. Such a combination may be shown spectro- 
scopically. The data in Fig. 2 show the alterations observed by us upon 
the addition of cyanide to an oxidized preparation. The change in the 
visible region is slight. In the ultraviolet an unmistakable shift in the 
absorption spectrum can be seen. There is a decrease in absorption at 
415 my and the peak is shifted slightly towards a longer wave-length. 
The difference between these two spectra is also plotted in Fig. 2. This 
difference spectrum (Curve 3) indicates that oxidized cytochrome oxidase 


1 The term cyanide is used in a general sense. Our data do not permit us to dif- 
ferentiate between HCN and CN7- as the active agent, though the data of Stannard 
and Horecker (10) suggest that HCN is involved. 
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absorbs maximally in the region of 410 my, while the cyanide complex 
absorbs maximally in the region of 430 mu. This change is similar to that 
observed for ferrihemoglobin (7), wherein the addition of cyanide lowers 
the total absorption and shifts the peak some 10 mu towards longer wave- 
lengths. Somewhat similar results are reported by Straub (11) for the 
reaction of cyanide with oxidized cytochrome oxidase. Keilin and Hartree 
(6) state, ‘No clear changes can be observed on addition of KCN to 
oxidized cytochrome which is due to the diffuse appearance of its spec- 
trum.” Smith (9) reports that a change in the absorption spectrum of the 
oxidized form of cytochrome oxidase may be observed, though no data 
are given in her preliminary report. ) 

We have usually observed no shift in the absorption spectrum upon the 
addition of cyanide to a preparation freshly reduced with dithionite under 
aerobic or anaerobic conditions. However, when the reduced preparation 
is allowed to stand some time before the addition of cyanide, then a shift 
in the absorption spectrum is sometimes observed upon adding cyanide. 
A decrease in absorption at 605 my occurs with a concomitant increase in 
the region of 590 mu, a change not unlike that seen when CO is added to 
the reduced preparation (3). This phenomenon has not been reproduci- 
ble in our hands and we therefore refrain at this time from attempting to 
interpret its meaning. It is apparently a phenomenon associated with a 
considerable time lag and does not interfere with the interpretation of the 
data given in Fig. 1. It should be noted, however, that Keilin and Hartree 
(6) report that the addition of KCN to a heart muscle preparation re- 
duced anaerobically by succinate causes the appearance of new absorption 
bands centered at 590 and 450 my. Straub (11) has also added KCN to 
reduced heart muscle preparations. The reducing agent he employs for 
his spectroscopic studies is not clear to us, but it appears to be dithionite. 
He finds no clear cut shift in the position of the absorption bands of the 
reduced form upon the addition of cyanide. In the visible region he ob- 
served a general lowering of the absorption spectrum throughout the 
range of wave-lengths studied. Incidentally this experiment of Straub’s 
should not be confused with the type of experiment we report here in 
Fig. 1. Smith (9) reports that cyanide does combine with reduced cyto- 
chrome oxidase. It is obvious that further investigations upon the reac- 
tion of cyanide with reduced cytochrome oxidase are desirable. 

A spectrum representing the difference of absorption of the oxidized and 
reduced forms of cytochrome oxidase may now be derived. Such a spec- 
trum will be termed a difference spectrum. If the data of Fig. 1 are used, 
one can obtain a spectrum which represents the difference between the 
absorption of reduced cytochrome oxidase and the cyanide complex of 
oxidized cytochrome oxidase. This difference spectrum may be corrected 
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for the effect of cyanide upon oxidized cytochrome oxidase by use of the 
data of Fig. 2. There is then obtained the difference spectrum between 
oxidized and reduced cytochrome oxidase plotted in Fig. 3. The portion 
of this curve above zero density is due to the absorption by reduced cyto- 
chrome oxidase. Three main peaks may be discerned in this spectrum. 
They are located at 605, 562, and 445 mu. There is also a small peak at 


Lc 


0.5 


500. 550 600 m 


400 450 


Fic. 3. The absorption spectrum of reduced cytochrome oxidase as obtained by 
difference. The data for the curve labeled ‘‘reduced + KCN” in Fig. 1 have been 
subtracted from the curve labeled ‘‘reduced.’? The values so obtained have then 
been corrected for the effect of cyanide by means of the data given in Curve 3 of 
Fig. 2. The final result, plotted here, represents the difference in absorption be- 
tween reduced cytochrome oxidase and its oxidized form. 


552 mu. Whether this peak is to be ascribed to cytochrome oxidase is a 
question. It may represent the result of a reaction of cyanide with cyto- 
chrome c of the type first observed spectroscopically by Potter (8). 

The question might be raised as to whether the band at 562 mu is to be 
ascribed to a partial reduction of cytochrome b by cysteine. If so, then 
this reduction occurs only under strictly anaerobic conditions and not 
aerobically in the presence of cyanide. We believe this band at 562 mu 
is to be ascribed to reduced cytochrome oxidase, because we have ob- 
served in these experiments no indication of the band of reduced cyto- 
chrome b which lies at 430 mu (cf. (1)), and also because our studies with 
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CO (3) revealed an absorption peak for the reduced form of cytochrome 
oxidase at this same wave-length. 

It will be observed that the main peak for the reduced form of cyto- 
chrome oxidase, as seen in the difference spectrum given in Fig. 3, lies at 
445 mp. In Fig. 1 the peak of reduced cytochrome oxidase appears at 
442 mu. We believe this latter position is nearer to the true value, since 
in the difference spectrum the cancellation of absorption by the oxidized 
and reduced forms of cytochrome oxidase is fairly great within the region 
400 to 450 my. This factor tends to displace the apparent peak of re- 
duced cytochrome oxidase slightly towards longer wave-lengths and the 
apparent peak of oxidized cytochrome oxidase towards shorter wave- 
lengths. In Fig. 3 the portion of the spectrum lying below zero density 
is to be ascribed to oxidized cytochrome oxidase. The main band to be 
seen here lies at 410 mu. 


DISCUSSION 


We believe the results given here and those that we have presented 
previously on the reaction of CO with cytochrome oxidase (3) leave no 
doubt as to the position of the absorption bands of reduced cytochrome 
oxidase as found in beef heart tissue. The data presented here show this 
enzyme in the reduced state to be characterized by absorption bands at 
605, 562, and 442 to 445 mu. The ratio of the optical density readings 
at these wave-lengths is of the order of 1.0:0.7:12.0. The data obtained 
with carbon monoxide (3) indicated absorption bands for the reduced 
form of cytochrome oxidase in these same positions, their optical density 
values bearing a similar relationship to those found here. Thus in the 
visible region the primary band of cytochrome oxidase at 605 mu is fused 
with that of reduced cytochrome a and its secondary band at 562 mu 
overlaps that of reduced cytochrome b. Keilin and Hartree (6) were the 
first to observe the band in the ultraviolet which is to be ascribed to re- 
duced cytochrome oxidase. These workers observed a band at 448 mu 
which, however, they hesitated to identify with cytochrome oxidase. 
They assigned it to a compound they chose to call cytochrome a-3. They 
showed that this band did not appear if reduction was performed aero- 
bically in the presence of cyanide. Under these conditions they state that 
ho marked changes occurred in the a-bands of the cytochrome components. 
Since their observations were primarily of a qualitative nature, they pre- 
sumably missed the changes at 605 and 562 mu which we describe here. 
They do, however, assign to reduced cytochrome a-3 an absorption peak 
at 600 mu. Their reasons for this assignment are not at all obvious to 
us. Our data clearly indicate that the reduced forms of cytochrome a 
and cytochrome oxidase both absorb at 605 my. Absorption at 605 mu 
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‘and:at 452 mu is assigned by Keilin and Hartree to reduced cytochrome 


a. We have not been able to detect any band at 452 mu assignable to 
reduced cytochrome a. It is possible our interpretation of Keilin and 
Hartree’s results are at fault, because we find that the location of certain 
absorption bands as given in their tables and figures do not correspond, 
The interpretations made here are based on the values given in their 
tables. 

The caution shown by Keilin and Hartree in hesitating to identify cyto- 
chrome oxidase with the compound they have labeled cytochrome a-3 js 
udmirable. We feel, however, that their initial experiments augmented 
by the quantitative data presented here and in our previous paper (3) 
leave little doubt that the cytochrome a-3 and cytochrome oxidase of 
mammalian heart tissue are identical. 

One fact which seems of great importance to us is that, of the total ab- 
sorption at 605 mu, three-fourths is due to cytochrome a and the other 
fourth is due to cytochrome oxidase. For example, in Fig. 1 the density 
readings at 605 mu for the three curves shown there are 0.188, 0.297, and 
0.333. Thus the increase in density due to reduction of cytochrome a is 
0.109 and that due to reduction of both cytochrome a and cytochrome 
oxidase is 0.145. Therefore the reduction due to cytochrome a in this 
experiment is exactly three-fourths of the total for both compounds. 
This relationship has held with surprising rigidity throughout a series of 
experiments with different reducing agents. If the extinction coefficients 
of cytochrome a and cytochrome oxidase are similar, this must mean that 
there is 1 cytochrome oxidase iron atom for each 3 iron atoms of cyto- 
chrome a. We pointed out earlier (3) that the concentration of cyto- 
chrome c in heart muscle is 3 to 4 times that of cytochrome oxidase.? At 
that same time we suggested that the absorption band at 605 my might 
be due to a complex composed of four iron porphyrin rings in close juxta- 
position, only one of which was cytochrome oxidase. The data presented 
here give quantitative support to this notion, and we therefore propose 
the following scheme as a working hypothesis of the manner in which 
cytochrome oxidase functions. The complex of cytochrome oxidase and 
cytochrome a as it exists in the reduced form is represented in Fig. 4 by 
Fet*(Fet*);(1). 

Here the iron atom not enclosed in parentheses represents cytochrome 
oxidase and the 3 iron atoms within parentheses represent cytochrome 4. 


2 The calculations of the cytochrome oxidase concentration were based on the 
density difference between reduced cytochrome oxidase and its CO complex at 5% 
mu and hence tended to be low. The data for reduced cytochrome oxidase presented 
here indicate that correction for the effect of reduced cytochrome oxidase at 5% 
my alters such calculated values, however, by only about 25 per cent. 
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The cycle of events in the oxidation and reduction of this complex is 
visualized as follows: Molecular oxygen combines with the ferrous form 
of cytochrome oxidase (I) to form a compound analogous to oxyhemo- 
globin (II). Carbon monoxide can compete with oxygen for this same 
ferrous iron to form compound III and so block the cycle. However, 
when oxygen combines with the enzyme, it then rapidly strikes in to 
oxidize the ferrous iron of cytochrome oxidase and the ferrous irons of 
cytochrome a. Perhaps this occurs stepwise, with the formation of a 
peroxide intermediate of the type shown (IV). In this case the ferric 
cytochrome oxidase may be visualized as acting like a peroxidase to oxidize 


+ cO ——» Fe**co(Fe**) (IIL) 
Fe*t(Fet*) 
(I) 
|- 


(IV) 


| zut 


+ ——> Fetto,(Fet*). (11) 


+++ 
+ Fe**(Fe**), 4 Fe** + Fe***(re***), + 2800 (Vv) 
cyt cyt c 
| HCN 
cyt (VII) cyt ¢ 


Fig. 4. A hypothetical scheme for the mode of action of cytochrome oxidase 


the remaining 2 ferrous iron atoms of cytochrome a. Hydrogen ions are 
picked up either from the environment or from the groups coordinated 
with the iron atoms and combine with oxygen to form water. There thus 
results the ferric form of the complex (V) which can again be reduced to 
the ferrous form (I), perhaps stepwise, by reaction with ferrous cyto- 
chrome c. In the presence of cyanide, however, the ferric form of cyto- 
chrome oxidase is converted into a derivative (VI) which is represented 
here as involving the HCN molecule according to the evidence of Stan- 
nard and Horecker (10). When this happens, ferrous cytochrome c can 
reduce only the ferrous iron belonging to cytochrome a to form compound 
VII and the cycle is blocked. It may be pointed out that in such a scheme 
cytochrome oxidase is assigned all the functions displayed by the various 
known hemochromogens. It reacts with O2 like hemoglobin or myoglobin, 
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it reacts with hydrogen peroxide like peroxidase or catalase, and its iron 
undergoes reversible oxidation and reduction like the cytochromes. (Op 
this basis one could reason from an evolutionary standpoint that cyto. 
chrome oxidase is the most primitive hemochromogen and the one from 
which all others were later derived. 


SUMMARY 


The absorption spectrum of the cytochrome system in a beef heart prep- 
aration has been measured in the presence of air, potassium cyanide, and a 
reducing agent such as cysteine. This spectrum has been compared to 
that obtained anaerobically on the same preparation in the absence of 
cyanide but with the same reducing agent. Subtraction of one spectrum 
from the other has yielded a difference spectrum for reduced cytochrome 
oxidase. Such a spectrum reveals peaks located at 605, 562, and 445 mu, 
whose optical density values bear the relationship of 1.0:0.7:12.0 respee- 
tively. The reduced forms of cytochrome a and cytochrome oxidase both 
absorb at 605 mu, the latter contributing exactly one-fourth of the total 
absorption observed in this region. It is therefore proposed that three 
iron porphyrin rings from cytochrome a and one from cytochrome oxidase 
form a complex which acts as a unit to reduce O» to 2H.0. 
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SYNTHESIS OF ASPARTIC ACID-2 ,3-C¥-N!® AND ITS 
CONVERSION TO URIC ACID IN THE PIGEON* 


By ANTHONY SAN PIETROfT 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 9, 1952) 


Within recent years some of the precursors of the carbon atoms of uric 
acid have been identified. In the pigeon the 4, 5, and 7 positions were 
shown to be derived from glycine, the 2 and 8 positions from formate, and 
position 6 from respiratory CO2 (1). It has been further demonstrated 
that the B-carbon atom of L-serine is utilized for the ureide carbon atoms 
of uric acid in the pigeon (2). In man the nitrogen in position 7 is derived 
from glycine (3). It was felt that some further information could be 
obtained by studying the utilization of a 4-carbon compound. For this 
purpose, aspartic acid labeled with C"™ in the 2 and 3 positions was synthe- 
sized and its utilization for uric acid formation in the pigeon studied. 


EXPERIMENTAL! 


Synthesis of Aspartic acid-2 was 
prepared from methyl-labeled sodium acetate by the accompanying series 
of reactions. 

Ethyl Bromoacetate—109 mo of C-labeled sodium acetate were converted 
to acetyl chloride by the method of Anker (4). Bromination of the acetyl 
chloride followed by esterification with absolute ethanol in the cold (5) 
afforded ethyl bromoacetate in 42 per cent yield. 

Ethylethane Tricarboxylate (6)—Condensation of ethyl bromoacetate 
with sodium diethyl malonate in absolute ethanol yielded the triester. 
The ethylethane tricarboxylate was extracted from aqueous solution into 
ether and dried over anhydrous sodium sulfate. After removal of the sol- 
vent, the crude triester was purified by fractional distillation in vacuo, 
and the fraction distilling at 160-170° per 15 mm. collected. The yield 
was 47 per cent of theory. 

Fumaric Acid (7, 8)—The ethylethane tricarboxylate was dissolved in 


* This work was supported in part by a grant from the American Cancer Society 
+ By recommendation of the Committee on Growth of the National Research 
cil. 
t Fellow of the Life Insurance Medical Research Fund, 1949-50. 
‘The C™ used in this study was obtained on allocation from the United States 
Atomic Energy Commission. 
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COOEt 


—CH—COOK 
H,COONa C*H:; COC] BrC*H-COOEt Na CH CO 


EtOH 
COOFt COOEt 
Bre hydrolysis 
Os 
oom 
—HBr 
NH,Cl 
HOO C—C*H=C*H—COOH E HOOC—C*H.—C*H—COOH 
| 
NH, 
Fumarie acid Aspartic acid 


carbon tetrachloride and treated with bromine (molar excess of 10 per cent) 
to yield the bromo salt of the triester. After removal of the solvent, the 
bromoethylethane tricarboxylate was treated with 6 nN HCI under a reflux. 
The resulting fumaric acid was purified by vacuum sublimation. The 
yield was 41 per cent; m.p. 282° (uncorrected) on a Fisher-Johns melting 
point block. 


C,H,Oy. Calculated, C 41.4, H 3.45; found, C 41.2, H 3.21 


Aspartic Actd—Aspartic acid containing N!® was prepared by the action 
of Escherichia coli on fumaric acid-2,3-C' and ammonia containing N!® (9). 
565 mg. of fumaric acid were neutralized with sodium hydroxide and the 
solution made up to 22 ml. 1.19 gm. of ammonium chloride, containing 32 
atom per cent excess of N15, were added, followed by 17.7 ml. of Clark and 
Lubs 0.05 m phosphate buffer at pH 7.4, 5 ml. of E. coli suspension, and 4 
ml. of toluene. The reaction vessel was evacuated and filled with nitrogen. 
After incubation for 2 days at 37°, the aspartic acid was isolated as the 
copper salt, which was then split with hydrogen sulfide to yield aspartic 
acid in 47 per cent yield (10). 

C,H;O,N (mol. wt. 133.4, corrected for N'® content) 

Calculated, C 36.0, H 5.29, N 10.7; found, C 36.1, H 5.13, N 10.6 


Uric Acid Formation in Pigeon—29.1 mg. of aspartic acid were neutra- 
lized to pH 7 with 0.2 nN NaOH and the solution brought to a final volume 
of 7 ml. with distilled water. This solution was injected intraperitoneally 
in four equal doses at 2 hour intervals. The pigeon (weight, 230 gm.) was 
fasted overnight and during the succeeding experimental period. 

Excreta were collected for a period of 25 hours following the first injec: 
tion. Uric acid, isolated by the usual procedures (11, 12), was recrystal- 
lized to constant isotope content by dissolving in dilute NaOH solution, 


¢ 


A. SAN PIETRO 641 


treating with activated charcoal when necessary, and acidifying with HCl. 
Prior to degradation, the uric acid was diluted 2.67-fold with normal uric 
acid. ‘The degradation of the uric acid was carried out by previously pub- 
lished degradation procedures (2, 3, 13-15). The results of this experiment 
are given in Table I. 

Radioactivity Measurements—C* activity was measured with a thin win- 
dow Geiger-Miiller counter. When the radioactivity of BaCO; was mea- 


TABLE 
Utilization of Aspartic Acid-2,3-C'4-N%* for Uric Acid Formation in Pigeon 


Activity of labeled 
carbon per 
standard disht 


Position of atoms in uric acid Activity of compound measured N© concentration 


c.p.m. c.p.m. atom per cent excess 


Uric acid, 280 | 784 
BaCO,, 11.3 | 414t 
we 95.2 | 921t 
Hippuric, 35.2 | 700T 
1045t 
0.217 
| 0. 283§ 


*The administered dose of aspartic acid was 0.095 mm per 100 gm. of pigeon. 
The activity was 4.5 X 10° c.p.m. per standard dish of labeled carbon; the N'® con- 
centration was 30 atom per cent excess. 

t Calculated as follows: Activity in counts per minute per standard dish of la- 
beled carbon = measured activity X 

(Mol. wt. of compound measured) (dilution factor) 
12(No. of active carbon atoms)(back-scattering factor) 


For example, for the 6 position, the activity in counts per minute per standard dish 
of labeled carbon = 11.3 & ((197.4)(2.67)/(12)(1)(1.2)) = 414. 

t Calculated value. 

§ The dilution factor for this value is 2.67. 


sured, the results were divided by 1.2 to correct for back-scattering. In 
every case sufficient counts were taken to give a standard deviation of less 
than 10 per cent. 
Mass Spectrometric Analyses—Nitrogen samples for mass spectrometric 
analysis were prepared by the usual procedures (16). 


RESULTS AND DISCUSSION 


The activity of the 2 and 8 and of the 5 positions of uric acid are very 
nearly the same (Table I). The 2,3-C'*-N"-labeled aspartic acid fed could 
give rise to a doubly labeled 3-carbon compound which could undergo one 
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of two reactions. Either it could be converted to a,8-labeled serine and 
then to uric acid, or it could cleave to an active l-carbon compound and 
a singly labeled 2-carbon compound which could be aminated to give 
a-labeled glycine. Were serine an intermediate in the metabolism of the 
aspartic acid, its B-carbon atom would be the source of the 2 and 8 positions 
and its a-carbon atom that of the 5 position of uric acid. Were glycine 
and a 1-carbon compound formed from aspartic acid, as mentioned above, 
these fragments would then be the source of the 2, 8, and 5 positions of uric 
acid. In either case, one would expect equal labeling in the 2 and 8 and 
the 5 positions. | 
The fact that nitrogen atom 7 has only a slightly higher N'* concentra- 
tion than the total uric acid would indicate that this nitrogen is not directly 
derived from the aspartic acid but rather from the metabolic nitrogen pool 
(3). This would be in accord with the data of Wu and Rittenberg (10) 
who found that the amino group of aspartic acid behaves like ammonia. 


I am indebted to Dr. D. Rittenberg and Dr. David B. Sprinson for their 
valuable assistance and criticism in the conduct of the experimental work 
and in the preparation of the manuscript. 


SUMMARY 


The synthesis of aspartic acid-2 ,3-C'-N" is described and its relation 
to uric acid formation in the pigeon studied. It appears that aspartic 
acid is not a specific carbon source in uric acid synthesis. 
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METABOLISM OF MICRONUTRIENT ELEMENTS 
IN HIGHER PLANTS 


Il. EFFECT OF COPPER DEFICIENCY ON THE ISOCITRIC 
ENZYME IN TOMATO LEAVES* 


By ALVIN NASON 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, April 16, 1952) 


The réle of copper as a component of such enzymes as ascorbic acid 
oxidase and polyphenol oxidase has been well established (1, 2). When 
plant tissues were made copper-deficient, the activities of these particular 
oxidases were significantly diminished, while other enzymes were un- 
changed or increased in concentration, resulting in an over-all change in 
enzyme pattern characteristic of the metal deficiency (3). However, 
when an increase in the activity of an enzyme occurred, it was not char- 
acteristic of a copper deficiency alone, since certain other metal deficiencies 
produced a similar response. These increases were attributed to meta- 
bolic changes in the synthesis of the protein moieties of the enzymes con- 
cerned. Thus far the only causal relationship between an increased 
enzyme concentration and a specific metal deficiency has been noted for a 
DPNase! in zinc-deficient Neurospora (4). 

However, the experiments reported in this paper demonstrate another 
such specific relationship: that cell-free extracts of copper-deficient tomato 
leaves show an approximately 15-fold increase in isocitric dehydrogenase 
activity as compared to normal leaves or those deficient in other metals. 
A number of workers have formulated the enzymatic conversion of iso- 
citrate to a-ketoglutarate in heart muscle (5), liver (6), higher plants (7), 
and microorganisms (8) by the following reactions. 


(1) d-Isocitrate + TPN = oxalosuccinate + TPNH 
Mn++ 
(2) Oxalosuccinate <— — a-ketoglutarate + CO, 


(3) Sum, d-isocitrate + TPN <— — a-ketoglutarate + CO, + TPNH 


* Contribution No. 26 of the McCollum-Pratt Institute. This investigation was 
supported in part by a research grant from the National Institutes of Health, United 
States Public Health Service. 

1 The following abbreviations will be used: DPNase, diphosphopyridine nucleo- 
tidase; DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; 
TPNH, reduced triphosphopyridine nucleotide. 
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On the other hand, the question is still unsettled as to whether Reactions 
1 and 2 are catalyzed by separate enzymes (isocitric dehydrogenase and 
oxalosuccinic carboxylase, respectively) or by a single enzyme. Since 
partial purification has failed to separate the distinct enzymatic activities 
(9), the possibility has been suggested that Reaction 3 may be catalyzed 
by a single enzyme similar in nature to the “malic” enzyme. 

The present communication includes experimental results which show 
that oxalosuccinic carboxylase activity specifically parallels the rise ob- 
served for isocitric dehydrogenase activity in copper-deficient leaves, thus 
strengthening the possibility that the two activities are catalyzed by one 
and the same enzyme. 


Methods 


Cell-free enzyme extracts were prepared from the apical leaflets of 
tomato plants (Lycopersicon esculentum Mill., var. Rutgers) grown in 
aerated mineral nutrient solution exactly as described previously (3). 
Preliminary experiments showed that 80 per cent or more of each of the 
enzyme activities of the leaf homogenates was present in the cell-free ex- 
tracts. Most of the enzyme measurements were performed in duplicate 
and include data obtained from at least four separate and entirely inde- 
pendent series of deficient plants, grown at different times, over a period 
of a year. 

Micro Element Deficiencies and Growth—Plants individually deficient 
in copper, zinc, iron, manganese, molybdenum, and boron were obtained 
by omitting these elements from the nutrient solutions and have been 
described elsewhere (3). . 


Materials 


TPN of 75 per cent purity was prepared from sheep liver by a procedure 
involving ion exchange chromatography.2 DPN of 50 per cent purity 
and adenosine-5’-phosphate were obtained from the Sigma Chemical Com- 
pany and the Ernst Bischoff Company, Inc., respectively. The sodium 
salt of d-isocitrie acid of 70 per cent purity (30 per cent citrie acid) was 
prepared by ion exchange chromatography (10) from extracts of powdered 
Bryophyllum leaves kindly supplied by Dr. H. B. Vickery. Barium oxalo- 
succinate (11) was kindly furnished by Dr. S. Ochoa, and pig heart iso- 
citric dehydrogenase of dialyzed extracts of washed acetone-dried pig 
heart (12) by Dr. N. O. Kaplan and Dr. 8. P. Colowick. 

Determinations—-TPN isocitric dehydrogenase activity was determined 
in a Beckman spectrophotometer by a modified procedure of Grafflin and 
Ochoa (9). The reaction mixture contained 2.75 ml. of potassium phos- 
phate buffer (0.1 m, pH 7.5), 0.1 ml. of magnesium chloride (0.1 ™), 0.02 


2 Kornberg, A., and Horecker, B. L., unpublished. 
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to 0.1 ml. of enzyme extract, and 0.1 ml. of TPN (0.002 m). After addi- 
tion of 0.1 ml. of d-isocitrate (0.04 Mm), the increase in optical density at 
340 mu, resulting from the reduction of TPN, was observed at 30 second 
intervals at room temperature (22-25°). In all measurements the amount 
of enzyme used was such that the increase of optical density remained 
linear for at least the first 2 minutes, the rate being proportional to the 
amount of enzyme added. A unit of enzyme activity is defined as the 
amount causing an increase in log Jo/ZJ of 0.001 per minute calculated 
from the change between observations at 1 and 2 minutes. 

Oxalosuccinic carboxylase activity was determined spectrophotometri- 
cally by an optical test based presumably on the difference between the 
molecular extinction coefficients at 240 my of oxalosuccinate and its de- 
carboxylation product, a-ketoglutarate. The rate of decrease of optical 
density at this wave-length, when the carboxylase content is quite low, is, 
within limits, a quantitative measure of oxalosuccinic carboxylase con- 
tent. The experimental evidence for the validity of this method is pre- 
sented and evaluated under “Results.” The reaction mixture, which was 
similar to that reported by Grafflin and Ochoa (9), contained 2.8 ml. of 
chilled potassium chloride (0.136 mM) at pH 7.3, 0.01 ml. of manganese 
chloride (0.03 m), and 0.02 to 0.1 ml. of enzyme extract. After the addi- 
tion of 0.1 ml. of potassium oxalosuccinate (5 X 10-* M, pH 7.3), prepared 
from the barium salt and assayed with aniline citrate as described (11), 
the decrease in optical density was observed for 30 second intervals at 
14-17°. A unit of enzyme activity is defined as the amount causing a 
decrease in log Jo/I of 0.001 per minute calculated from the change bet ween 
1 and 2 minutes. 

Protein concentration was determined essentially by the biuret pro- 
cedure of Robinson and Hogden (13) as modified for plant extracts (3). 


Results 


Isocitric Dehydrogenase—Table I summarizes the effects of various in- 
dividual micro element deficiencies on isocitric dehydrogenase activity. 
Extracts of plants deficient in copper show a striking increase in enzyme 
activity, ranging from 10- to 30-fold when compared to extracts of normal 
plants per mg. of protein. The result indicates an average enzyme con- 
tent in copper-deficient material 14 times that of the control for five dif- 
ferent experiments. Deficiencies of zinc, manganese, iron, boron, and 
molybdenum have little or no influence on the concentration of isocitric 
dehydrogenase. The marked rise in the enzyme activity under condi- 
tions of copper deficiency, as well as the other relationships indicated 
above, is also made evident when the data are expressed in terms of mg. 
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The report by Kornberg and Pricer (14) of a DPN-specific isocitric 
dehydrogenase requiring adenosine-5’-phosphate in yeast prompted an 
examination of tomato leaves for a similar enzyme. No such activity 
could be detected in the cell-free extracts of control leaves or in those 
deficient in each of the micronutrient elements. 

Since extracts of copper-deficient leaves showed a sharp rise in isocitric 
dehydrogenase activity, the possibility exists that Cut++ may act in a direct 
regulatory réle with respect to the enzyme. Accordingly, the effect of 
various concentrations of Cut*+ on the enzyme activity in leaves of copper- 


TABLE I 


Effect of Micronutrient Element Deficiencies on Isocitric Dehydrogenase 
Activity in Tomato Leaf Extracts 


Units of enzyme activity expressed per mg. of protein. 


Experiment No. Control —Cu —Zn | —Mn | —Fe —Mo —B 


| 


w 


cont WN 


11 | 48 | 25 | a 
12 | 15 | : 
| 10 | 


Average ratios, metal-deficient to : | | 


control activity.................. | 16.5 | 1.4 | 2.2 | 2.3 | 1.1 1.2 


| 


deficient plants was tested, by using the regular reaction mixture, and, in 
some cases, by substituting tris(hydroxymethyl)aminomethane buffer for 
the phosphate buffer. Cupric sulfate in final concentrations below 5 X 
10-4 m caused no significant decrease in enzyme activity. At 5 X 10° 
mM Cut, there was an average inhibition of 25 per cent, at 10-* m 60 per 
cent, and at 3 X 10-* m 100 per cent. 

The effects with time on the enzyme activity of adding Cut to the 
copper-deficient nutrient solution in the same concentration as that used 
for control media (0.02 part per million or 3 X 10~7 M) are shown in Table 
II. At the end of 40 hours, the originally high isocitric dehydrogenase 
activity of copper-deficient tissue had decreased by 60 per cent. After 
144 hours, when the next extract was prepared and tested, the activity 
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was at the level of the control, and some of the younger leaves showed an 
improved appearance. In these experiments, care was taken not to use 
any new leaves which might have formed since the time of addition of 
copper to the nutrient solution. 

Table III, showing the results on a per unit volume basis of combining 


TABLE II 
Isocitric Dehydrogenase Activity in Tomato Leaf Extracts after Addition of 
Cut+ (in Final Concentration of 8 X 1077 m or 0.02 Part Per Million) 
to Mineral Nutrient Solution of Copper-Deficient aaa: 


Units of enzyme activity expressed per mg. of protein. 


rime aft dding Cu*+ to nutrient . Ratio of activit of copper- 
hrs. 
O | 15 | 265 ! 17.7 
40 16 | 106 6.6 
144 | 44 59 1.3 


TaBxs III 
Isocitric Dehydrogenase Activity in Various Mixtures of Leaf Extracts 
from Control and Copper-Deficient Tomato Plants 
_ Units of enzyme activity expressed on volume basis. 


Experiment 1 | Experiment 2 
Calculated | : Calculated 
activity if Ratio, | activity if Ratio, 
Ob- no observed | | Ob- | no observed 
Cell-free extracts served inhibitors to cal- Cell-free extracts served inhibitors to cal- 
activity or culated | activity culated 
activators activities activators activities 
0.05 ml. control | 20 | 0.05 ml. control | 13 
0.05 “ —Cu | 62. : 0.05 “ —Cu | 54 
0.05 —Cu | (0.05 “ — Cu 


0.05 control | 
0.05 control» 


control 
.02 Cu 
08 control | 


extracts of control and copper-deficient leaves, indicates that there is no 
activator of isocitric dehydrogenase activity in the copper-deficient ex- 
tracts, nor an inhibitor in the control extracts. Since isocitric dehy- 
drogenase activity is measured by observing the accumulation of TPNH, a 
possible explanation for the apparently high activity in extracts of copper- 
deficient leaves may be based on the presumed absence or insufficiency of 
one or more enzymes or factors in a chain or chains of enzyme reactions 
which are concerned with the oxidation of TPNH. This could account 
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for the observed greater accumulation of TPNH without invoking the 
idea of a greater isocitric dehydrogenase activity. It is already known 
that extracts of copper-deficient leaves show a significant decrease of 
polyphenol and ascorbic acid oxidases (3), presumed to have important 
réles as terminal oxidases in higher plants. However, the above possibil- 
ity has also been ruled out by the experiments in which extracts of copper- 
deficient and control leaves were combined, since the addition of contro] 
extracts to extracts of copper-deficient leaves would have included other 
factors which might have been concerned in electron transfer from TPNH. 

Oxalosuccinic Carboxylase—In view of the reported inseparability of 
isocitric dehydrogenase and oxalosuccinic carboxylase activities in _par- 
tially purified fractions of pig heart (9), it was thought of value to assay 
for oxalosuccinic carboxylase in extracts from control and copper-deficient 
tomato leaves, as well as in those from plants grown with deficiencies of 
other metals. Preliminary experiments, utilizing the Warburg respirom- 
eter technique for oxalosuccinic carboxylase assay by measuring carbon 
dioxide production, proved this method not to be feasible, in view of the 
relatively weak carboxylase activity, the large amounts of plant extracts 
required, and the rapid spontaneous rate of oxalosuccinate decarboxyla- 
tion. The spectrophotometric assay of Kornberg et al. (15), which is 
based upon a pronounced peak increase in optical density at 240 mu upon 
mixing Mn*+, oxalosuccinate, and carboxylase, followed by a rapid drop 
in light absorption, was also tried. The high absorption of the green 
cell-free leaf extracts at 240 my prohibited the use of aliquots greater 
than 0.1 ml. Upon mixing this quantity of extract with Mn+ and oxalo- 
succinate, no characteristic increase in optical density was observed, but, 
instead, a steady decline in light absorption with time was noted. This 
decrease in optical density was especially pronounced when extracts of 
copper-deficient leaves were used. It was decided to observe the changes 
in optical density under the above conditions by use of the pig heart 
isocitric enzyme in dilutions comparable to the isocitrie dehydrogenase 
activities of control and copper-deficient leaf extracts. The curves in 
Fig. 1 demonstrate that, with low concentrations of pig heart enzyme, 
which are in the activity range observed for isocitric dehydrogenase in 
leaf extracts, there is no characteristic peak absorption at 240 my in the 
presence of Mn+ and oxalosuccinate, and that, with increasing amounts 
of enzyme, the peak of optical density appears in proportionately greater 
magnitudes. Even more significant, the curves in Fig. 1 also show that, 
with the lower concentrations of enzyme, in which there is little or no peak 
absorption, there is a steady rate of decrease of optical density with time 
and that this rate of fall is proportional to the concentration of oxalosuc- 
cinate carboxylase in the presence of constant amounts of Mnt+ and keto 
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acid. The insert curve in Fig. 1 shows the decrease in optical density 
between 1 and 2 minutes in log J)/J units of 0.001 and indicates a linear 
relationship between this change and enzyme concentration. A probable 
explanation for the observed drop in optical density under the conditions 
of the above experiment is the difference between the molecular extinction 
coefficients at 240 mu of oxalosuccinic acid and its decarboxylation prod- 


300 


.004 .008 Ol2 .016 
mi. EXTRACT 


280 


OPTICAL DENSITY (240 mp) 


MINUTES 

Fic. 1. Oxalosuccinic carboxylase activity and proportionality in various dilu- 
tions of pig heart preparations. The test system is the same as that described under 
“Methods.” @, A, A, 0, and O represent carboxylase activities of 0.05, 0.017, 
0.008, 0.002, and 0.000 ml. of pig heart preparation, respectively. The reaction 
mixtures containing 0.002 to 0.015 ml. of pig heart preparation have isocitric dehy- 
drogenase activities comparable to those of control and copper-deficient leaf ex- 
tracts. The insert curve shows the proportionality between the decrease in optical 
density from 1 to 2 minutes (and, therefore, oxalosuccinic carboxylase activity) 
and concentration of pig heart extract. 


uct, a-ketoglutaric acid. From the absorption spectra data provided by 
Kornberg et al. (15) the molecular extinction coefficients of oxalosuccinic 
acid and a-ketoglutaric acid are found to be 1.2 XK 10® and 0.3 X 10° sq. 
cm. per mole, respectively. The conversion of oxalosuccinic acid to 
a-ketoglutaric acid should then be evinced by a fall in optical density. 
The curves in Fig. 2 show the changes in optical density per mg. of 
protein which occur as a result of oxalosuccinic acid carboxylase activity 
in tomato leaf extracts. Extracts of copper-deficient leaves showed a 
marked carboxylase activity, in sharp contrast to the slight activities of 
extracts of control and other leaves deficient in micronutrient element. 
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Fig. 2. Effect of micronutrient element deficiencies on oxalosuccinie carboxylase 
activity in tomato leaf extracts, expressed on a per mg. of protein basis. 
system is the same as that described under ‘‘Methods.”’ 


TABLE IV 


The test 


Comparison of Isocitric Dehydrogenase and Oxalosuccinic Carborylase Activities in 
Extracts of Copper-Deficient and Control Tomato Leaves and in Pig Heart 


Oxalosuccinic carboxylase 


Isocitric dehydrogenase 


activity activity 
Enzyme extract! Ratio, 
Patios 
control control 
(a) (b) 
units per mg. units per mg. 
protein proteiwm 
~ Control 3 8 0.37 
| =Cu 51 118 0.43 
Control 6 25 0.24 
—Cu 51 181 0.28 
Control 5 15 | 0.33 
—Cu 68 151 0.45 
Pig heart 

ml. units per ml units per ml 
0.017 1820 3235 0.56 
0.008 2175 3380 0.64 
0.002 1922 3849 0.50 
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Smaller amounts of extracts of copper-deficient leaves showed propor- 
tionately smaller oxalosuccinic acid carboxylase activity. The activity 
of the copper-deficient material is destroyed by exposure to a temperature 
of 100° for 5 minutes. 

Table IV demonstrates that the increase in isocitric dehydrogenase 
activity of copper-deficient leaves is paralleled by a proportional rise in 
oxalosuccinic acid carboxylase activity when compared to the control. 
Table IV also shows that the relative proportion of oxalosuccinic acid 
carboxylase activity to isocitric dehydrogenase activity is probably slightly 
smaller in tomato leaves compared to pig heart. It should be noted that 
the data for oxalosuccinic carboxylase activity in extracts of control 
tomato leaves are based on very small changes in optical density and, 
therefore, represent approximate values. 


DISCUSSION 


Of the various relationships observed (3) between micronutrient ele- 
ment deficiencies and enzyme content in higher plants, the specific asso- 
ciation of a 10- to 30-fold increase in the isocitric enzyme concentration 
in copper deficiency is by far the most outstanding. The striking in- 
crease in this enzyme which is observed only in copper-deficient leaves is 
comparable to a somewhat similar and specific increase in a DPNase in 
zinc-deficient Neurospora (5). It should be pointed out that manganese-, 
iron-, and zine-deficient plants manifested symptoms which were at least 
as severe as those noticed in copper-deficient plants; hence the observed 
results cannot be ascribed to differences in the severity of symptoms 
produced. 

The question of the mechanism by which the concentration of the iso- 
citric dehydrogenase and oxalosuccinate carboxylase activities are in- 
creased in copper-deficient cells is not clear. The possibility that copper 
participates directly in an inhibitory or regulatory réle with respect to 
the enzyme is unlikely for a number of reasons. First, fairly high con- 
centrations of Cut++ were required for a substantial inhibition of the ac- 
tivity of the enzyme. Second, the experiments in which extracts of 
copper-deficient and control leaves were combined, especially those in 
which large proportions of control extract were used, showed no inhibitory 
effect. Finally, the addition of minute quantities of Cu++ to the deficient 
medium resulted in a gradual, rather than a rapid, restoration of the ac- 
tivity to the control level, implying a more indirect function of copper. 

In seeking an explanation for the effects of metal deficiency, such as 
the present one with copper, one may consider a hypothesis that has 
already been advanced, based on an alteration of protein metabolism 
(3,4). According to this view, lack of copper would lead primarily to a 
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decreased synthesis or increased breakdown of certain proteins, thereby 
making more nitrogen available for the synthesis of isocitric enzyme; thus 
the increase in concentration of the enzyme would take place at the ex- 
pense of other cellular proteins. 

Extracts of copper-deficient plants have also provided an excellent op- 
portunity to furnish further evidence for the suggestion that isocitric de- 
hydrogenase activity and oxalosuccinate carboxylase activity are catalyzed 
by one and the same enzyme. The fact that oxalosuccinate carboxylase 
activity parallels the observed increase in isocitric dehydrogenase activity 
in copper-deficient tissues further supports the view that these two activi- 
ties can be ascribed to a single enzyme. 

The occurrence of a marked increase in two enzyme activities, each of 
which is involved in the Krebs cycle, raises the question whether copper 
deficiency has a similar effect on other enzymes of the Krebs cycle. The 
concentration of malic dehydrogenase in tomato leaves shows no change 
under a number of deficiency conditions, including copper deficiency.’ 

Another point of interest is the possibility of using micronutrient ele- 
ment deficiency in plants as a first step in a purification procedure for cer- 
tain enzymes. In some experiments reported in the present paper, iso- 
citric dehydrogenase was increased 30-fold in tomato leaves per mg. of 
protein over that of the control. Such a result represents a very desirable 
step, and, at first glance, compares favorably to the maximum purification 
of 6-fold achieved by various protein fractionation procedures for the iso- 
citric enzyme from pig heart (9). However, it should be emphasized that 
the specific activity of this enzyme in pig heart is initially far greater than 
in tomato leaves.‘ 


SUMMARY 


Cell-free extracts of copper-deficient tomato leaves showed a 10- to 30- 
fold increase in isocitric dehydrogenase activity per mg. of protein as com- 
pared to normal leaves or those deficient in other metals. Addition of 
fairly high concentrations of Cut* to the cell-free extract proved to be in- 
hibitory, while the addition of minute quantities of Cut+ to the deficient 
nutrient solution resulted in a restoration with time of the enzyme con- 
centration to the control level. Experiments combining extracts of cop- 
per-deficient and control leaves ruled out the presence of an enzyme in- 
hibitor in the control or an activator in the copper-deficient material. 

An assay method for small concentrations of oxalosuccinate carboxylase 
which involved a spectrophotometric procedure presumably based on the 


> Moss, R. A., and Nason, A., in preparation. 
‘The-author is indebted to Mr. Henry A. Oldewurtel for valuable technical as- 
sistance. 
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difference in molecular extinction coefficients of oxalosuccinic acid and 
its decarboxylation product, a-ketoglutaric acid, was used to measure this 
enzyme activity in leaf extracts. Oxalosuccinate carboxylase activity in 
extracts of copper-deficient leaves paralleled the observed rise in isocitric 
dehydrogenase activity, thus strengthening the possibility that these two 
activities are catalyzed by the same enzyme. 

The results are discussed in relationship to the réle of copper as a regu- 
latory inhibitor, as well as in protein metabolism. 
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THE METABOLIC REACTIONS OF CARBON ATOM 2 
OF L-HISTIDINE* 


By DAVID B. SPRINSON anv D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, May 8, 1952) 


t-Histidine, when treated with a crude liver extract, is broken down to 
yield 1 mole of ammonia (obtainable by aeration after addition of sodium 
carbonate) and a compound of unknown structure. The latter is sus- 
ceptible of further cleavage by strong alkali to yield another mole of am- 
monia, L-glutamic acid, and formic acid (2-4). Following administration 
to rats of L-histidine labeled with N'® in the y-nitrogen atom, a compound 
of very high isotope content appeared in the urine unaccompanied by 
unusual amounts of imidazoles. This compound yielded ammonia con- 
taining varying but high concentrations of N!® upon treatment with 
ninhydrin in acid solution and alkalization with strong alkali (5). The 
recent demonstration of the importance of 1l-carbon intermediates in the 
synthesis of purines and methyl groups prompted an investigation of the 
metabolism of L-histidine labeled with C“ in carbon atom 2. The amino 
acid was synthesized from KSC™N and y-keto-L-ornithine (6). 

Utilization of Lt-Histidine-2-C™ for Synthesis of Uric Acid and Choline 
im Pigeon—The histidine was administered together with a small amount 
of formate-C™ and the excreted uric acid was isolated and degraded. 
The results are shown in Table I. The relative distributions of isotope 
derived from carbon 2 of histidine and from formate are approximately 
the same. Most of the labeling is in the 2 and 8 carbon atoms, 84 per 
cent of the C™ activity ((62,800 « 2)/(30,000 « 5) X 100) and 91 per 
cent of the C® ((1.55 XK 2)/(0.68 XK 5) X 100) being incorporated into 
these positions. The efficiency of utilization of the two precursors for 
the 2 and 8 positions, calculated as coefficients of utilization,' is also sim- 


* Presented at the 119th meeting of the American Chemical Society, Boston, 
April, 1951 (1). This work was supported by a grant from the American Cancer 
os recommended by the Committee on Growth of the National Research 

cil. 

‘The coefficient of utilization (7) is derived from the isotope dilution formula 
(8), 6 = a(xz/y — 1), where a = mo of labeled compound administered per 100 gm. 
per day, b = mm of material per 100 gm. per day used to dilute a, rz = the isotope 
concentration of a, and y = the isotope concentration of the compound isolated. 
The coefficient of utilization = 1000/b = 1000/a(z/y — 1). It is expressed as 1000 
times the reciprocal of b so that it will show an increase with increasing utilization. 
For calculations concerned with excretion products (e.g., hippuric acid) the dose 


655 


656 CARBON ATOM 2 OF L-HISTIDINE 


ilar, being 260 and 400 for the histidine and formate respectively.? The 
B-carbon atom of L-serine, which is known to give rise to a 1-carbon com- 
pound, has been previously shown to give a value of 174 for the coefficient 
of utilization (9). 

From the internal organs of the pigeon, choline chloride was isolated as 
the HgCl, complex. Its activity, which was 600 c.p.m. per dish of carbon 
under standard conditions, corresponded to a coefficient of utilization of 
2.3. This value, as shown later, is close to that found in the rat. On 
the assumption that the half life of choline in the pigeon is approximately 
the same as that of the rat, 7.e. 6 days (10), 12 per cent of its choline was 
newly formed per day. The newly synthesized choline must have had an 
activity of 600 XK 100/12 = 5000 c¢.p.m. This is only one-twelfth of the 
activity found in carbon atoms 2 and 8 of the uric acid, even if it is as- 


TABLE I 


Utilization of u-Histidine-2-C* and Formate-C*{ for Uric 
Acid Formation in Pigeon 


Isotope concentration 
Positions of atoms in uric acid 


| cu Cc. 


*0.35 mm per 100 gm. The activity was 7.62 X 10° ¢.p.m. in carbon atom 2. 
tT 0.066 mm per 100 gm. The C** concentration was 61.0 atom per cent excess. 
t Counts per minute per dish (18 mm. diameter) of carbon at infinite thickness. 


sumed that the uric acid is all newly formed. The utilization of carbon 
2 of histidine for purine synthesis in the pigeon appears to be much more 
extensive than for choline formation. 

Utilization of .i-Histidine-2-C'™ for Synthesis of Purines, Serine, and 
Choline in Rat—Following the administration of the labeled histidine to 
rats the nucleic acids were isolated separately from liver and the remain- 
ing internal organs, and their activities determined (Table II). It is of 


per day (a) is substituted in the formula, even when a precursor has been fed for 
more than 1 day. When body constituents (e.g., tissue proteins) are involved, the 
total dose administered per 100 gm. is used, since the isotope concentration in 4 
body constituent, in a short term experiment, is approximately proportional to the 
length of time the labeled precursor is administered. 

2 The utilization of formate for the 2 and 8 positions of uric acid in the pigeon 
seems to be in part dependent on the amount administered. When a quantity of 
HC"OONa equivalent to 5 times the present dose was given, the coefficient of utili- 
zation was found to be 800. 
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interest that the ratio of activities of the ribonucleic acids (RNA) to the 
desoxyribonucleic acids (DNA) of the liver is approximately 3:1. This 
suggests a turnover of at least part of the DNA far in excess of that re- 
quired by the slow mitotic rate of liver cells. In the other internal organs 
the ratio of activities of RNA to DNA is 2:1, which is not essentially 
different from that found in liver. As in the previous investigations with 
glycine-2-C™ and .-serine-3-C™ (11), when the liver was not separated 


TaBLeE II 
Utilization of u-Histidine-2-C'** for Synthesis of Purines and Serine tn Rat 
Source | Material and 
| labeled Cf 
| c.p.m§ c.p.m§ 
Liver Sodium polynucleotides 271 8100 
RNA barium nucleotides | 221 8100 
polynucleotides 87 2600 
Internal organs) Sodium polynucleotides | 54 1630 
_ RNA sodium polynucleotides | 60 1790 
| DNA | 30 910 
RNA of pooled organs — Adenine | 27207 | 6800 
Guanine | 23209 | 5800 
Proteins of pooled organs: 8-Carbon atom of serine | | 3140 


*Fed 0.053 mm per 100 gm. per day for 2 days. The activity was 2.51 X 10 
¢.p.m. in carbon 2. 

t Observed activity per dish of material except where otherwise indicated. 

t Estimated on the basis of tetranucleotide of molecular weight 1500 and on the 
assumption that all of the activity is in the 2 and 8 carbon atoms of the purines. 
The latter was also assumed for the adenine and guanine. 

§ Counts per minute per dish (18 mm. diameter) of carbon at infinite thickness. 

|| The internal organs were the spleen, intestine, testes, heart, kidneys, and 
lungs. 

q Activity per dish of carbon. 


from the organs in which the rate of mitosis is considerable, there does 
not appear to be a qualitative difference in metabolic activity between 
RNA and DNA. 

Adenine and guanine were isolated from the pooled RNA of the liver 
and other internal organs. The activities of these purines (Table IT) can 
be used to estimate the activity of the 2 and 8 carbon atoms, on the as- 
sumption that nearly all of the C" is in these positions. The hydrolysate 
of the pooled proteins of the liver and other internal organs from the same 


* Following the administration of L-serine-3-C" nearly all of the activity in the 
purines was found in the 2 and 8 carbon atoms. (Elwyn, D., and Sprinson, D. B., 
unpublished results. ) 
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experiment was treated with periodate, and formaldehyde derived from 
serine was isolated as the dimedon derivative. Its activity was about 
one-half that of carbon atoms 2 and 8 of the purines. Still lower age. 
tivities were found in the choline isolated from the lipides of the interna] 
organs (Table III). Degradation of the choline showed that the methy! 
and ethanolamine groups had an activity only about one-tenth that of 
earbon atoms 2 and 8 of the purines. The utilization of carbon 2 of 
histidine for the synthesis of nucleic acid purines in the rat is much more 
efficient than for the synthesis of either serine or methyl groups. Further 
work is required to evaluate the significance of these results in the me- 
tabolism of 1-carbon intermediates. 


TaBLeE III 
Utilization of u-Histidine-2-C'** for Synthesis of Choline in Rat 


Carbon atoms of cholinet Activity? 


c.p.m.in carbon 2. 
t 
t Counts per minute per dish (18 mm. diameter) of carbon at infinite thickness. 


EXPERIMENTAL 


Synthesis of KSC'4*N—0.035 gm. of C'™ labeled NaCN* was mixed with 
1.0 gm. of normal KCN (95 per cent purity), 3 gm. of sulfur powder, and 
0.08 gm. of KOH, and heated in an atmosphere of nitrogen at 310° for 
15 minutes. The cooled brown mass was ground to a powder with a 
stirring rod and extracted four times with 75 cc. portions of absolute 
aleohol. The solution was taken to dryness in vacuo, the residue redis- 
solved in absolute alcohol, treated with COs, and filtered, and the filtrate 
taken to dryness on a steam bath. Yield, 1.4 gm. (12). 

Synthesis of u-Histidine-2-C™ (5, 6)—0.05 mole of the methyl ester of 
a ,6-dibenzamido-y-ketovalerate prepared from L-histidine was hydrolyzed 
to yield a,6-diamino-y-ketovaleric acid dihydrochloride. The non-crys- 
talline product was condensed with 0.02 mole of KSC™“N in 10 cc. of 
water. The crude thiolhistidine (1.83 gm.) was oxidized with Fe2(SO,)s, 
and the resulting histidine precipitated as HgCl, complex and isolated as 
the monohydrochloride hydrate. 


C.HsN3:02-HCI-H2O (209.6). Calculated, N 20.1; found, N 19.6 


‘ This material was obtained from Tracerlab, Inc., on allocation from the United 
States Atomic Energy Commission. 


4 
* Fed 0.053 mm per 100 gm. per day for 2 days. The activity was 2.51 X 10° 
4 


10° 
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Preparation of Formate-C%—1 gm. of KCN was dissolved in 7 cc. of 
0.5 Nn NaOH and heated in a sealed tube at 175° for 5 hours (13). After 
acidification with H.SO, the formic acid was extracted with alcohol-free 
ether in a continuous extractor. An aqueous solution of NazsCO,; equiva- 
lent to the amount of KCN taken was placed under the ether in the ex- 
traction flask. A nearly quantitative yield of HCOONa was obtained. 

Radioactivity Measurements—-C™ activity was measured with a thin 
window Geiger-Miiller counter either on the materials isolated, or, when 
CO, was obtained, on BaCO;. The counting vessels had a diameter of 
18 mm. Sufficient counts were taken to give a standard deviation of 
less than 5 per cent. 

Administration of u-Histidine-2-C™ and Formate-C™ to Pigeon—210 mg. 
(1 mm) of t-histidine having an activity, under our standard conditions, 
of 7.62 X 10° c.p.m. in carbon 2 were dissolved in 4 cc. of H,O. 13 mg. 
(0.186 mm) of HC®OONa having 61 atom per cent excess C™ were dis- 
solved in 1.6 cc. of H2O. The two solutions were injected intraperitoneally 
in four portions at 2 hour intervals into a 284 gm. pigeon which had been 
fasted overnight. 24 hours aftc: the first injection the pigeon was killed 
and the internal organs were removed and homogenized in alcohol for 
extraction of lipides. Urie acid was isolated from the excreta (14) and 
degraded in the usual manner (15). 

The dry lipides obtained from the hot aleohol and alcohol-ether ex- 
tracts of the internal organs were taken up in chloroform, filtered, and, 
after removal of solvent, hydrolyzed by refluxing for 5 hours with 6 N 
methyl alcoholic HCl (16). The hydrolysate was evaporated to dryness 
and partitioned between ether and water. Choline chloride was isolated 
from the aqueous phase as the HgCl. complex (17) without separating it 
from ethanolamine over CaQ, and recrystallized to constant activity from 
2 per cent aqueous HgCl, solution. 


C;H,,NOCI- (1769). Calculated, N 0.79; found, N 0.82 


Feeding of u-Histidine-2-C™“ to Rats—Four male rats were fed a 15 per 
cent casein diet (5) for 2 days, at which time they weighed 950 gm. The 
labeled histidine (2.51 * 10° c.p.m. in carbon 2) was added to the ration 
at a level of 0.5 mm a day for 2 days. The rats were killed and the liver 
and internal organs removed and homogenized in alcohol. Choline was 
isolated as previously described and degraded. 

The defatted liver and other internal organs (intestine, spleen, testes, 
heart, kidney, and lung) were extracted separately with 20 volumes of 
10 per cent NaCl solution at 85° with efficient stirring for 6 hours.* Fol- 
lowing filtration on a steam-jacketed funnel and washing with warm 10 


* Weissbach, A., Elwyn, D., and Sprinson, D. B., unpublished procedure. 
*Dr. A. Bendich, unpublished procedure. 
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per cent NaCl solution, the sodium salts of the nucleic acids were pre. 
cipitated from the combined saline extracts by the addition of 3 volumes 
of absolute alcohol. 

The tissues were treated with 6 per cent trichloroacetic acid solution, 
filtered, and hydrolyzed by refluxing overnight in 20 per cent HCl.  Fol- 
lowing distillation of acid in vacuo the residue was taken up in water, 
treated with Cu.O to remove humin (18), filtered cold, and treated with 
H.S. The filtrate was taken to dryness, made up to volume, and an 
aliquot used for the degradation of serine with periodate and isolation of 
the resulting formaldehyde as the dimedon derivative (19). 

Liver nucleic acids were separated into DNA and the barium salts of 
the RNA nucleotides.’ Sodium nucleates from the other internal organs 
were separated into DNA and RNA sodium polynucleotides. 

Liver and visceral RNA were combined, hydrolyzed with HCl, and 
chromatographed on a Dowex 50 column (20). Adenine picrate and 
guanine sulfate were isolated from the eluates and recrystallized to con- 
stant activity. 


SUMMARY 


Carbon atom 2 of L-histidine imidazole-2-C™“ was shown to be utilized 
for the 2 and 8 carbon atoms of purines, the 6-carbon atom of serine, and 
the methyl and ethanolamine groups of choline. The utilization for the 
synthesis of purines was much more effective than for that of methyl 
groups. 


We are indebted to Dr. D. Elwyn and Miss 8. Henry for assistance with 
the nucleic acid and purine isolations. 
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PEPTIDASES OF ERYTHROCYTES 


1. DISTRIBUTION IN MAN AND OTHER SPECIES* 


By ELIJAH ADAMS,t MARY McFADDEN, anv EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, May 12, 1952) 


The wide phyletic and tissue distribution of peptidases in itself suggests 
their participation in fundamental cellular processes (1). Among the 
cells in which peptidases have been found, the mature mammalian erythro- 
cyte provides certain singular advantages for the study of these enzymes; 
namely, the absence of nuclear material, the unique availability of erythro- 
cytes as pure cellular populations, and the known properties of hemo- 
globin which may be utilized for the purification of other protein fractions 
of the erythrocyte. A point of additional interest in the study of erythro- 
cyte peptidases is the suggestion (2, 3) that these cells may represent a 
major source of serum peptidase activity. 

Previous studies have established the qualitative existence of pepti- 
dases in hemolysates. In the first such report (4), the more rapid hy- 
drolysis of t-leucylglycylglycine by “hemolyzed”’ than by clear calf lymph 
was noted, and it was subsequently found that hemolyzed erythrocytes 
hydrolyzed this substrate. Johansen and Thygersen (2) measured the 
hydrolysis of both diglycine and triglycine in human hemolysates and es- 
timated that on a volume basis erythrocytes were 40 to 50 times as active 
as serum in splitting these substrates. Schwartz and Engel (5) reported 
that mouse erythrocytes showed L-leucylglycylglycine-splitting activity 


 20-fold that of serum on a volume basis. Little has been done to investi- 


gate possible fluctuations in the level of erythrocyte peptidase in disease. 
Merten (6, 7) reported the splitting of several L and p peptides (leucy]- 
glycine, alanylglycine, glycylalanine) by human hemolysates; variations 
of 10-fold or more are indicated in the rate of hydrolysis of these substrates 
by hemolysates from two normal persons as well as in a variety of meta- 
bolic, infectious, and neoplastic disorders. The technique of assay, in- 
volving racemic substrates, and the failure to report clear cut kinetic 
data make it difficult to interpret or compare these results. 

A recent report (8) describes tripeptidase levels in hemolysates from 


* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 
t Surgeon of the United States Public Health Service. 
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normal humans. Consistent values per million erythrocytes per ml. were 
found for the hydrolysis of triglycine, with no significant difference for 
these values between groups of young and aged adults. 

The present paper describes the species distribution of four peptidases 
from erythrocytes, and the levels of these activities in a group of normal 
human adults and in persons with hematologic and other disorders. 


EXPERIMENTAL 


Venous blood was the source of enzyme in all human subjects and in all 
the animals cited except the horse and rat. Horse blood was collected in 
quantity by incising the great vessels of the neck immediately after the 
animal’s death; rat blood was collected from the aortas of animals under 
ether anesthesia. In all cases, coagulation was prevented by the im- 
mediate addition of sodium citrate to a final concentration of 5 mg. per 
ml. of blood. Further preparation of hemolysates was carried out at 5°. 
Blood samples were centrifuged within 24 hours after collection and the 
packed erythrocytes washed two or three times with physiological saline; 
the buffy coat was removed by aspiration between washings. ‘The packed 
corpuscles were then hemolyzed by adding 1 volume of cold distilled 
water. These preparations were assayed either immediately or after freez- 
ing and storage at —20° to —30°. In human hemolysates the levels of 
activity for the peptidases measured did not change during 2 weeks under 
these conditions. 

-Hemolysates were assayed at 40° for the hydrolysis of glycyl-.-proline 
(prolidase), L-leucinamide (aminopeptidase), glycylglycine (glycylglycine 
dipeptidase), and triglycine (tripeptidase). For prolidase and amino- 
peptidase assays, diluted hemolysate was incubated at 40° for 2 to 3 hours 
with 0.02 mM MnCl, before addition ‘of aliquots to the final test solutions 
containing substrate (9). For assays of glycylglycine dipeptidase, the 
test solutions contained 0.001 mM CoCl, (9). Activating and test solutions 
were buffered at pH 7.8 with 0.02 m Tris (tris(hydroxymethy])aminometh- 
ane) since this optimum has been established for similar activities in other 
tissues (9, 10). Although the tripeptidase of human hemolysate (8) has 
been previously reported to act optimally at pH 7.1 for the hydrolysis of 
triglycine, the pH curve is sufficiently flat in this region to introduce 
only a 10 per cent deviation from optimal activity in assays carried out at 
pH 7.8. 

Hydrolysis of the substrate, present initially at 0.05 mM, was measured 
by titrating the liberated carboxyl groups with alcoholic KOH (II). 
The activity of the four peptidases studied is satisfactorily described by 
first order kinetics. The first order rate constant, Ki, was calculated in 
minutes and decimal logarithms from the equation, Kit = log (100/10 
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minus per cent hydrolysis). The proteolytic coefficient C is defined as 
K,/E, where FE is the protein N in mg. per ml. of final test solution. All 
nitrogen analyses were made by a micro-Kjeldahl method. The color of 
the hemolysate sets a limit to the final concentration which will permit read- 
ing of the thymolphthalein end-point. The highest concentration which 
gave no difficulty represented 0.02 ml. of packed erythrocytes per ml. of 


test solution. 
The tripeptidase activity of human hemolysate has been previously 


TABLE I 
Activation of Human Erythrocyte Peptidases by Metal Ions 

Hemolysates were preincubated 3 hours with 0.02 m MnCl, before addition to test 
solutions containing glycyl-L-proline or L-leucinamide. Test solutions were buf- 
fered at pH 7.8 with 0.02 m Tris. Protein N in mg. per ml. of test solution for both 
activated and unactivated assays was 0.96 for Hemolysate A and 1.00 for Hemoly- 
sateB. The proteolytic coefficient (C, as defined in the text) for assays with activa- 
tor is the average of at least four values; that for assays without activator is based 
on the hydrolysis at the final time given. 


Hemolysate Substrate | Activator added Time | Hydrolysis C X 104 
hrs. cent 

A Glyeyl-L-proline MnCl =64.0 55 21 
None 0.7 

L-Leucinamide — 0.004 Mm MnCl, 2.8 | 33 12 
None 24 : 17 | 0.6 

Glycylglycine 0.001 mM CoCl, 4.6 14 2 
None 24 17 0.6 

B Glyeyl-.L-proline 0.00am MnCl 3.0 47 14 

L-Leucinamide m MnCl, 24.0 62 3 
| 22 +. 

Glyeylglycine 0.001 m CoCl, 4.6 26 5 

None 22 18 


characterized (8) by zero order kinetics in assays which were done in the 
presence of Cot*+, permitting secondary splitting of the glycylglycine pro- 
duced by tripeptidase action; this is indicated by 70 per cent hydrolysis, 
within 12 hours, of a second peptide bond.’ Our data show that with 
Cot* activation 12 to 30 per cent splitting of glycylglycine by normal 
human hemolysate occurs within the initial 4 hours of incubation, but in 
the absence of Co++ (Table I) only a few per cent of the initial glycylgly- 
cine are hydrolyzed in this interval. In the presence of Co++, therefore, 
an apparent linear relation between per cent hydrolysis of triglycine and 
time (8) cannot be considered evidence of zero order kinetics for the split- 
ting of the tripeptide, since such linearity could result from the combined 
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effects of the first order hydrolysis both of the tripeptide and the concurrent 
secondary splitting of the liberated glycylglycine. D 
Our data, based on the hydrolysis of triglycine up to about 50 per cent s| 
TaBLeE II 
Peptidases of Human Erythrocytes 0 
Proteolytic coefficients for the hydrolysis of glycyl-t-proline (GP), L-leucing. 
mide (LA), glycylglycine (GG), and triglycine (GGG) by human hemolysates. 0 
Proteolytic coefficient (XX 10‘) 
| GP | GG GGG 
ee 14 7 8 8 
22 3 3 10 
| 
Mean and standard deviation.......'19+3.7) 543.2) 642.9) 1043.7 
11. Outdated bank blood .................. 15 8 5 12 g. 
13. Myeloid leucemia, hemolytic anemia....| 10 3 10 17 I 
14. Iron deficiency anemia, chronic hemor- ( 
15. Pernicious anemia, untreated........... 77 2 2 | 7 
16. Myeloid leucemia...................... 12 | 4 | 25° 
17. Thalassemia major................: aoe 3 | 6 10 | 
19. Cushing’s syndrome, carcinomatosis.... 62* 414 22* | 8 
21. Pulmonary tuberculosis, cavitation. .... 19 | 2 13 
22. Sarcoma of lung with metastases... .. . 12 | 6 
23. Squamous carcinoma, urethra.......... 12 4 | 12 Bt: 
24. Seminoma with metastases........... 7 12 | 2 | 6 10 ( 
— 
* Values deviating from normal mean by more than three standard deviations. 
splitting in the absence of Co++, could be equally well described by a first 
or zero order rate constant. We have preferred the first order formulation 
to facilitate comparison with the other peptidases studied. Moreover, 
studies of purified tripeptidase from horse erythrocytes clearly indicate 
the first order hydrolysis of triglycine. 
1 Adams, E., Davis, N. C., and Smith, E. L., unpublished observations. , 
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Peptidase Activity of Human Hemolysates—A detailed study (10) of the 
properties of partially purified prolidase from horse erythrocytes has 
shown that in major respects this enzyme appears to be identical with 
prolidases of other tissues. The data of Table I indicate that the enzymes 
of human hemolysate which hydrolyze glycyl-L-proline, L-leucinamide, 
and glycylglycine are activated by the same metal ions as similar enzymes 
of other tissues are (9). It is of interest that the activation produced by 
metal ions in these crude hemolysates is considerably greater than that 
observed with purified preparations of prolidase or leucine aminopeptidase. 

Table II presents data for the activity of four peptidases in individual 
human hemolysates. ‘The first six individuals listed were a group of 


‘three men and three women between 25 and 35 years of age; Individuals 


7 to 10 were an older group of two men and two women between 45 and 80 
years of age, all without systemic disease. Only with respect to amino- 
peptidase activity (hydrolysis of L-leucinamide) did the two groups show 
a trend toward consistent differences possibly attributable to age; this 
was not significant at the | per cent level of probability for the small size 
of the groups compared, and both sets of data were therefore pooled in 
computing the normal means and standard deviations for each activity. 
These data confirm for tripeptidase, and extend to the other three pepti- 
dases assayed, the observation of Stern et al. (8) that age and sex do not 
influence the peptidase activity of hemolysates. 

The activities of two samples of out-dated bank blood, assayed after 
more than 3 weeks of storage at 7° in the usual citrate-glucose solution, 
did not differ significantly from that of freshly drawn blood. Since out- 
dated human blood is generally available, the stability of these enzymes 
makes possible its use as starting material for their purification. 

The remaining data of Table II were collected to investigate disorders 
of erythrocyte production or destruction (Individuals 13, 14, 15, 17, 18), 
general disturbances of protein metabolism (Individuals 19 and 20), and 
extensive tissue destruction (Individuals 21 to 24) for possible alterations 
in erythrocyte peptidase activity. Although occasional individual values 
were significantly displaced from the normal means, no simple diagnostic 
correlations can be made with the present data, nor, indeed, can such cor- 
relations be excluded without more extensive information. Our data do 
not confirm Merten’s observations (6, 7) with other substrates that hemoly- 
sate peptidase activity in disease is generally elevated over normal levels. 

For most of the individuals of Table II, the proteolytic coefficients are 
roughly proportional to the peptidase activity per erythrocyte, since 
hemoglobin represents the predominant protein of the erythrocyte and 
since mean corpuscular hemoglobin does not vary within wide limits for 
normals or in most of the disorders represented. The extreme limits for 
this value in the individuals studied are represented by the case of iron 
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deficiency anemia (Individual 14) in whom the mean corpuscular hemo. 
globin was 67 per cent of the accepted normal mean (12), and by the cage 
of pernicious anemia (Individual 15) in whom the mean corpuscular hemo- 
globin was 120 per cent of normal. It is apparent that, even in these 
extreme cases, alterations in enzymatic activity expressed on the basis of 
protein N would remain significant if calculated alternatively for a unit 
number of erythrocytes. 

Levels for the four peptidases studied in human erythrocytes were also 
determined in hemolysates from several other species (Table III). On the 
whole, these values present the picture of fairly consistent levels among 


species, prolidase and tripeptidase being the two most homogeneous groups, 


TABLE III 
Peptidase Activity in Hemolysates of Several Species 


Assays were made uniformly as described in the text. Human values are for the 
normal individuals of Table II. 


- 


| Average proteolytic coefficient (X 10*) 
Species No. of samples 
GP | LA GG | GGG 
Human 10 19 5 6 10 
3 12 6 3 | 
1 19 9 24 
1 18 12 6 | 16 
mMat.... 6 8 4 3 26 
Chicken.....:... 1 ll 18 13 14 
3 6 5 32 


15 


- 


Even the nucleated erythrocytes of chicken and duck blood do not show 
striking or consistent differences from mammalian hemolysates. 


DISCUSSION 


An understanding of the biological significance of erythrocyte pepti- 
dases must await clarification of the general functional réle of these en- 
zymes in all tissues. The suggestion has been made (13) that the pro- 
teolytic enzymes of tissues may be concerned with the synthesis, as well 
as the hydrolysis, of tissue protein. It seems possible that their presence 
in the mature mammalian erythrocyte speaks only for participation in the 
metabolism of earlier maturative stages of the corpuscle. 

The uniform activity of prolidase, and to a lesser extent tripeptidase, 
in the hemolysates of normal humans offers a basis for more extensive elf- 
forts to find experimental or pathological differences in these values which 
might. aid in understanding the functional réle or metabolic history of 
these enzymes in the erythrocyte. The relative constancy of peptidase 
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activities in human hemolysates is in contrast to the peptidases of serum, 
variability in which may result in part from conditions involving variable 
degrees of hemolysis (3, 5). In particular, the relative constancy of proli- 
dase activity, both in individual human hemolysates and in the hemoly- 
sates of other species, is of interest in view of the observation (3) that, 
of four serum peptidases studied, only prolidase showed little variation 
under experimental conditions affecting the other peptidases. 

The concentration of peptidases in that fraction of the erythrocyte 
protein which is not hemoglobin may be compared with peptidase activity 
in tissues without a single predominant non-enzymatic protein component. 
Thus, if the concentration of human hemoglobin is estimated as 95 per 
cent of the total protein of the erythrocyte, the average Cgp for human 
hemolysate, calculated for non-hemoglobin protein, would become 0.038, 
a value equivalent to the highest proteolytic coefficient for the hydrolysis 
of glycyl-L-proline measured in crude pituitary extracts (14) and consid- 
erably higher than this value for crude extracts of swine intestinal mucosa 
(15). 


SUMMARY 


Hemolyzed erythrocytes of several species were assayed for four sepa- 
rate peptidases. With a few exceptions, each peptidase varied only within 
a 3-fold range from species to species. Nucleated avian erythrocytes 
showed no distinctive differences in activity from mammalian corpuscles. 
Rather consistent levels of activity, particularly for prolidase and tri- 
peptidase, were found in a number of normal human hemolysates, while 
occasional large deviations from normal appeared in the hemolysates of 
persons with disease. No metabolic correlations were clearly indicated. 
Erythrocyte peptidases responsible for the hydrolysis of glycyl-L-proline, 
L-leucinamide, and glycylglycine are activated by the same metal ions as 
their counterparts in other tissues; the extent of activation is greater than 
in crude preparations from other tissues. 
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PEPTIDASES OF ERYTHROCYTES 


II. ISOLATION AND PROPERTIES OF PROLIDASE* 


By ELIJAH ADAMSf anp EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, May 12, 1952) 


In Paper I (1), data were presented concerning the species distribution 
of certain peptidases of the erythrocyte. The present report deals with 
the partial purification of prolidase from horse erythrocytes, a comparison 
of the properties of the enzyme from this and other tissue sources, and 
studies of its metal activation and substrate specificity. 

Prolidase has been prepared from horse erythrocytes with a specific activ- 
ity comparable to that of the best preparations reported from other 
sources (2) and of greater enzymatic homogeneity with respect to separate 
peptidase activities. Prolidase and prolinase (3) are the only two en- 
zymes known which specifically hydrolyze peptides containing proline and 
hydroxyproline. The present data permit the definite characterization of 
prolidase as a dipeptidase, specific for the peptide bond of dipeptides which 
involves the imino nitrogen of proline or hydroxyproline. 


EXPERIMENTAL 


Methods—Enzyme assays were performed at 40° in 2.5 ml. volumetric 
flasks. Hydrolysis of glycyl-L-proline, initially present at 0.05 mM concen- 
tration, was estimated in 0.2 ml. aliquots by measuring the liberation of 
free carboxyl groups by the alcohol titration method of Grassmann and 
Heyde (4). Enzyme activity was calculated as the first order rate constant 
K,, expressed in minutes and decimal logarithms. Specific activity is 
expressed by the proteolytic coefficient, C; = K,/E, where E is the enzyme 
concentration in mg. of protein N. For the assays, the enzyme was in- 
cubated with 0.02 m MnCl, for 2 or 3 hours before addition to the sub- 
strate-containing test solution (5). All nitrogen values reported were 
determined by a micro-Kjeldahl method. 

Purification of Prolidase—Horse blood was collected from freshly killed 
animals by incising the great vessels through the neck. Clotting was 
prevented by the addition of approximately 5 gm. of sodium citrate per 

* This investigation was aided by research grants from the National Institutes 


of Health, United States Public Health Service. 
t Surgeon of the United States Public Health Service. 
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liter of blood. After the blood was stored in a 5° cold room for 12 to 24 
hours to permit sedimentation of the cells, the citrated plasma was g- 
phoned off and the buffy coat removed by skimming. The packed eryth- 
rocytes were then either directly hemolyzed by the addition of an equal 
volume of cold distilled water, or, in some instances, first washed once or 
twice in physiological saline. For prolidase the average proteolytic co- 
efficient for the hydrolysis of glycyl-t-proline, Cgp, for hemolysates from 
individual horses was 0.0012 (1). 

Considerable purification of prolidase was accomplished in a single step 
through the removal of hemoglobin by the Tsuchihashi procedure, as 
described by Keilin and Mann (6) for the preparation of carbonic anhy- 
drase from beef erythrocytes. 


TABLE I 
Purification of Prolidase from Horse Erythrocytes 
The assays were performed after activation of the enzyme by preincubation for 
several hours with 0.02 m MnCl, at pH 7.8 before addition to substrate in the final 
assay flasks. The test solutions contained 0.03 m Veronal at pH 7.8. The total 
units of activity were estimated by multiplying the value for Cgp by the total pro- 
tein N for each preparation. 


Step | Cap | Yield 
total units per cent 
1. Crude hemolysate. ................ 0.0012 336 100 
4. Ammonium sulfate ppt............. ' 0.39 13 4 


The procedure is described for a preparation made from 13.6 liters of 
whole blood. All steps were performed in a cold room at 5°. To each 
liter of hemolysate were added 900 ml. of 90 per cent ethanol and 65 ml. 
of chloroform, the solvents having been precooled to about —30°. Rapid 
stirring of the mixture produced prompt coagulation of hemoglobin into a 
spongy mass from which the residual liquid could be first decanted and 
then pressed out. After filtration with the aid of Celite, the clear, faintly 
yellow solution was adjusted from pH 6.9 to pH 6.0 by the addition of | 
m HCl;! the moderately heavy precipitate contained negligible activity 
(see Table I). After removing this precipitate by filtration, protein in the 
filtrate was collected by adding slowly and with stirring an equal volume 
of acetone precooled to about —30°. The resultant heavy flocculent 
precipitate settled rapidly and, after most of the supernatant fluid was 
siphoned off, was collected on a filter pad precoated with Celite, washed 


| pH readings were made at room temperature in a Cambridge pH meter after 
dilution of the samples with 9 volumes of water. 
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successively with acetone and ether, and rapidly dried. The activity of 
this powder proved stable for many weeks. 

Further purification, although with poor yield, was obtained by redis- 
solving the acetone powder in water to make a solution containing 0.5 to 1 
per cent protein and collecting the fraction precipitating between 0 and 
0.6 saturation with ammonium sulfate. After dialysis against cold, dis- 
tilled water, the solutions were filtered. The preparations were lyophil- 
ized and these proved to be stable for months. Several preparations 
made in this way were used for the studies to be described. Table I pre- 
sents successive purification and yields (measured by the proteolytic co- 
eficient for glycyl-L-proline) for these steps in one of the best preparations. 

For other preparations, the Cgp, after ammonium sulfate fractionation, 
has varied from 0.1 to 0.5, with yields between 8 and 13 per cent of the 
total prolidase activity of the crude hemolysate. In a few instances, 
however, preparations have resulted in final products with little or no 
activity. Attempts to determine the factors responsible for occasional 
failure of the above procedure led us to suspect that the initial coagulation 
of hemoglobin by the Tsuchihashi method may be a critical step. Poor 
activity and yields of the subsequent fractions resulted when the hemo- 
globin coagulation was incomplete, as indicated by a finely dispersed 
coagulum and turbid colored filtrates instead of large spongy masses of 
denatured hemoglobin and a completely clear filtrate. 

Actinty and Enzyme Concentration—The hydrolysis of glycyl-t-proline 
by erythrocyte prolidase is described satisfactorily by first order kinetics, 
the rate constant (K,) being proportional to enzyme concentration over a 
considerable range (Fig. 1). Assays with rate constants greater than 0.003 
to 0.004 frequently give a falling constant and most of the studies were 
therefore performed at a concentration of enzyme chosen to give rate con- 
stants less than 0.004. 

Optimal pH—The pH optimum for the hydrolysis of glycyl-t-proline is 
78 to 8.0 (Fig. 2), identical with that for enzymes of similar specificity 
from other sources (7). Veronal, acetate, and phosphate ions did not 
influence activity in the concentrations employed. Subsequent trials in- 
dicated that, at the optimal pH, Tris (tris(hydroxymethy])aminomethane) 
or glycylglycine buffer at 0.02 to 0.1 m in the final assay flasks gave assay 
values identical with control Veronal-buffered flasks. During the course 
of complete hydrolysis of 0.05 m glycyl-u-proline, the liberation of the 
relatively basic imino group of proline requires more efficient buffering 
than the solubility of Veronal permits; either glycylglycine? or Tris was 
therefore used as a buffer in many of the studies reported. 

* The use of glycylglycine buffer was limited to the final ammonium sulfate prepa- 


tations in which glycylglycine dipeptidase activity could not be detected (Table 
IV); this peptidase, however, is present in crude hemolysates (1). 
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In agreement with the findings for prolidase of intestinal mucosa (2) 
the present preparations could be activated only by Mn++ (Table II), 
Certain cations (Mgt*, Fe*+*, Co*+) did not strongly inhibit the enzyme 


’ 
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— 
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Fig. 1. Hydrolysis of glycyl-L-proline (0.05 m) as a function of enzyme concen- 
tration. The assays followed a 3 hour preincubation of the enzyme solution with 
0.02 m MnCl;. Test solutions contained 0.004 m MnCl and 0.025 m Tris buffer at 
pH 8.0. Eis the protein N in mg. per ml. of test solution. K;, is the first order 
rate constant. 
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Fic. 2. Activity of erythrocyte prolidase as a function of pH. The enzyme solu- 
tion was preincubated 4 hours with 0.02 m MnCl, in 0.014 m Veronal at pH 7.6. As- 
says were begun by adding an aliquot to flasks containing 0.05 m glycyl-t-proline 
and buffered as shown. The final concentration of protein N in each assay flask was 
0.038 mg. per ml. 
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once activated by Mnt*; the remaining metal ions tested at 0.001 m 
produced strong inhibition of the fully activated enzyme. 

Activation by Mn++—As has been found for prolidase from other tissues 
(2, 7), maximal activation of erythrocyte prolidase requires incubation of 
the enzyme with Mn** for approximately 1 hour prior to mixture with 
the substrate. In a study of the prolidase of swine intestinal mucosa (2), 
the ratio of activity in crude preparations was only about 2 for Mn**- 
activated to unactivated enzyme, but increased to a maximum of 8 on 
purification of the enzyme to a proteolytic coefficient, Cap, of 0.47. With 
the present preparation, it has been found that the addition of Mn** in- 


TABLE II 
Effect of Metal Ions on Prolidase Activity 
In the second column are proteolytic coefficients found after preincubation of the 
enzyme with each salt at 0.017 m. In the third column are proteolytic coefficients 
after preincubation with 0.017 m MnCl, and subsequent assay in 0.001 m solutions 
of each salt. The assay flasks were buffered with 0.028 m Veronal at ‘on 7.8. Pro- 
tein N 0.039 mg. per ml. of final test solution. 


Cap 
Meta! salt 
Preincubation with metal salt 

0.01 0.04 


creases the activity by a factor of 20 or more (Table III) and, in one in- 
stance, 32-fold. One may postulate that the residual activity of such 
preparations assayed without added Mnt* may depend either on the con- 
centration of Mnt-, intrinsically bound to the “unactivated”’ enzyme, or 
on the limiting concentration of Mn++ possibly present in the reagents and 
solutions used for assay. The availability of more highly purified proli- 
dase preparations would appear desirable, however, before attempting an 
extensive investigation or interpretation of the nature of this residual ac- 
tivity. 

Prolidase is inhibited with decreasing strength by the anions, pyrophos- 
phate, ethylenediaminetetraacetate (versenate), fluoride, and citrate (Ta. 
ble III). Phosphate at 0.12 m did not influence the activity (Fig. 3). 
Whether or not the enzyme is preincubated with added Mn*-, it is note- 


(2), 
IT), 
me 
Pn- 
ith 
at 
s- 


676 PEPTIDASES OF ERYTHROCYTES. II 


TaBLeE III 
Activation of Erythrocyte Prolidase by Mn** 

The test solutions were buffered at pH 7.8 with 0.028 m Veronal or 0.04 m Tris. 
In assays with Mn++ (column A), the enzyme solution was preincubated several 
hours with 0.02 m MnCl: and assayed in the presence of 0.004 mM MnCl:. In assays 
without Mn** (column B), enzyme concentration was 5 to 10 times that of activated 
enzyme to permit measurable hydrolysis. 


| Cop 
? Ratio, 
Enzyme preparation 0004 Matt | No Mn** 4 
(A) | (RB) 
‘4+ 0.001 Mm pyrophosphate.............. 0.0008 0.0004 
| 0.05 | | 
‘* dialyzed vs. 0.1 M citrate at pH 6.0, then | 
0.072 | 0.0034 21 
HT;, dialyzed vs. 0.05 M pyrophosphate at pH | 


* At 0.001 m concentration these anions did not produce significant inhibition. 


T T T T 
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Fic. 3. Prolidase activity as a function of Mn** concentration. The solid line 
represents Equation 2 where K, = 2.1 X 10*. The points plotted are the rate con- 
stants observed after incubating the enzyme solution 3 hours with varying concen- 
trations of MnCl. and assaying aliquots of each with glycyl-t-proline in 0.014 M 
Veronal at pH 7.8. The Mn*+ values plotted are final concentrations in the test 
solution. The final enzyme concentration was 0.04 mg. of protein N per ml. The 
bracketed point shows the activity measured without added Mn**. 
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worthy that in the presence of 0.001 mM pyrophosphate or 0.01 M versenate 
similar minute levels of activity remain. 

Efforts were made to reduce the activity of prolidase preparations which 
remains in the absence of added Mn** by dialyzing enzyme solutions 
against large volumes of 0.05 mM pyrophosphate both at pH 6.0 and pH 
4.5, and subsequently removing pyrophosphate by thorough dialysis against 
0.1m NaCl. In contrast to the inhibition produced by direct addition of 
0.001 m pyrophosphate to the assay system, such dialyzed preparations re- 
tained approximately the fractional activity of undialyzed enzyme as- 
sayed without Mn**. Similarly, enzyme solutions after dialysis against a 
strong inhibitor such as pyrophosphate retained the same fractional ac- 
tivity on assay in the absence of Mn** as did like preparations dialyzed 
against the weak inhibitor citrate (Table III). One may conclude that 
inhibition by pyrophosphate or citrate is easily reversible. 

A detailed study of the activation by Mnt* of leucine aminopeptidase 
(8) indicated that the reaction between enzyme and metal ion may be 
satisfactorily described by the mass law expression for the participation of 
1 Mn++ ion in producing the active enzyme, : 

[enzyme-Mn**] 


[Mn**][enzyme] a) 


where K, is the association constant and the concentration of the enzyme- 
Mn** complex is assumed to be proportional to the enzymatic activity 
observed at any given concentration of Mn**+. The equilibrium expres- 
sion can then be rewritten as 


’ [X] 
Ae = — X] 


(2) 


where X is the activity observed at any given Mn** concentration, [Mn**], 
and A is the maximal activity observed following optimal activation with 
Mn?**, 

As a test of this hypothesis, the influence of varying concentrations of 
MnCl, on the activity of erythrocyte prolidase has been studied and the 
average value of K,, calculated as above, found to be 2.1 XK 10. The 
standard free energy change for association, AF°, is —6200 calories at 
40°. The curve drawn in Fig. 3 is the theoretical one calculated from 
Equation 2 with the above value for K,. It is apparent that the data are 
satisfactorily described by this equation. 

Product Inhibition of Prolidase—The possibility that L-proline itself 
might inhibit the hydrolysis of proline peptides was tested by assaying a 
prolidase preparation (Cgp = 0.19) in the presence of increasing initial 
concentrations of the amino acid. No significant change in activity was 
observed at an initial concentration of 0.05 m L-proline equal to the initial 
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concentration of the substrate, glycyl-L-proline. With an initial concen- 
tration of 0.075 m L-proline, however, the observed Cp fell to 0.12. Prod- 
uct inhibition is not a factor influencing the assays reported here, since a 
standard initial concentration of only 0.05 mM substrate was employed for 
all assays. 

Heat and pH Stability—The activity of lyophilized prolidase prepara- 


100 


75 


PER CENT CONTROL ACTIVITY 


25 


Fic. 4. Stability of prolidase at varying pH values. The curves represent residual 
activity of two preparations after 30 minutes incubation at 50° at each pH. Prepa- 
ration A, acetone powder solution, protein N 0.6 mg. per ml., control (untreated) 
Cop = 0.09. Preparation B, filtrate of Preparation A after bringing to 0.1 m MnCl; 
and discarding the precipitated protein. Protein N 0.4 mg. per ml., control Cgp = 
0.10. Each preparation was buffered as follows during heating: @, 0.07 m acetate; 
mw, 0.07 m glycylglycine; A, 0.07 m borate. The assays were performed at pH 78 
in 0.048 m glycylglycine buffer. 


tions prepared as described and kept at refrigerator temperatures has 
proved stable for periods up to 6 months. Solutions of prolidase are 
optimally stable to short periods of heating at approximately pH 7.0, the 
stability at other pH values being somewhat increased by Mn++ (Fig. 4). 
This is in contrast to the Mn*++-activated leucine aminopeptidase of swine 
intestine (8) or of bovine muscle (9), the stability of which is greater in 
the absence of Mn++. Because of the relative stability of prolidase, both 
with and without added Mn+, an attempt was made to purify preparations 
at Step 3 (Table I) by bringing solutions of the acetone powder to 0.1 
mM MnCl, and heating to 55° for 10 minutes before collecting the final am- 
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monium sulfate fraction. This step, however, proved to offer no advan- 
tage in yield or purity over the original procedure described. 

Enzymatic Purity and Substrate Specificity—In Table IV are shown data 
which indicate that purified prolidase from horse erythrocytes is free of 
many other peptidase activities. Substrates characteristically split by 
other peptidases and by crude extracts of various tissues (2, 7, 10) were 
tested with a concentrated prolidase solution under optimal conditions of 
pH and activation for their hydrolysis by enzymes of other tissues. Sev- 
eral of the activities absent from the more highly purified preparations of 
erythrocyte prolidase tested were similarly absent from less pure prepara- 


TaBLeE IV 
Action of Prolidase on Various Peptides 


The substrates were at 0.05 m, except for the pit compounds which were at 0.1 
m. The test solutions were buffered at pH 7.8 with 0.01 m Veronal, and contained 
metal salts as shown. All assays ran 24 hours. 


Compound E Ci 
mg. protein N per ml. 

Glyeyl-t-proline (0.02 m MnCl,)................ 0.012 0.18 

t-Leucinamide (0.02 mM MnCl,)................. 0.057 <0.0001 
Glyeylglycine (0.002 0.057 <0.0001 
Glycyl-pi-phenylalanine (0.02 m MnCl:)........ | 0.057  <0.0001 


| | 
* Assayed without activator, with 0.001 m MnCl, and 0.001 m CdClo. 


tions, corresponding to a Cgp of 0.04. It may be tentatively concluded 
that the purification step responsible for relative enzymatic homogeneity 
is the initial aleohol-chloroform treatment. 

It has previously been indicated on indirect grounds (2) that prolidase 
acts only on peptide bonds involving the nitrogen of imino acids. The 
procedure described above results in prolidase preparations which, for the 
first time, are free of detectable action on many other types of peptides 
and therefore facilitate definitive study of the specificity of this enzyme. 
Table V presents data for the action of erythrocyte prolidase on several 
compounds containing L-proline or hydroxy-t-proline. Acylation of the 
free amino group has previously been shown to render compounds resistant 
to prolidase hydrolysis, as evidenced by failure to act on carbobenzoxy- 
glycyl-L-proline (2) and carbobenzoxyglycylhydroxy-t-proline (2). This 
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has been confirmed for the prolidase of erythrocytes with carbobenzoxy- 
glycyl-.-proline. 

Earlier studies with glycylglycyl-t-proline (2) were indecisive because 
of the presence of tripeptidase which splits this compound as well as the 
usual substrate, triglycine. As shown in Table IV, present enzyme prep- 
arations contain negligible amounts of tripeptidase as judged by the lack 


TABLE V 
Action of Prolidase on Compounds Containing L-Proline and Hydroxy-.u-proline 


C, and Cx, are proteolytic coefficients for two enzyme preparations of different 
purity, tested with the compounds shown. For assays with glycyl-u-proline, the 
concentration of Preparation A was 0.042 mg. of protein N, and that of Preparation 
B 0.006 mg. of protein N per ml. of test solution. For all other compounds, enzyme 
was present at 10 times these concentrations. All test solutions contained 0.05 x 
substrate, 0.004 m MnCl., and 0.04 m Tris at pH 7.8. Enzyme solutions were pre- 
incubated with 0.02 m MnCl, for several hours before addition to test solutions. 
Test solutions were incubated 24 to 72 hours. 


Compound* | Ca Ca 
Glycylhy droxy--proline (2).. 0.0048 0.031 
L-Phenylalanylhydroxy-t- (3). | 0.0074 | 0.068 
(11)...................... 0.00038 0.0009 
Glycylglycyl-ut-proline (2).................. <0.0001 
Glyeylglycylhydroxy-t-proline (2).......... <0.0001 | 
..................... | <0.0001 
| <0.0001 
<0.0001 


* The figures in parentheses indicate bibliographic citations. 

+t The syntheses of these compounds will be described in detail in a forthcoming 
publication (Davis, N. C., and Smith, E. L.). 

t This compound was kindly furnished by Dr. David G. Doherty, Oak Ridge 
National Laboratory. 


of action on triglycine. Since prolidase cannot hydrolyze either glycyl- 
glycyl-t-proline (Table V) or the corresponding tripeptide containing 
hydroxy-L-proline, it may be concluded that the presence of a free basic 
group is insufficient for the action of the enzyme; this grouping must be 
adjacent to the susceptible peptide bond. That the free basic group re- 
quired may be an imino as well as an amino group is shown by the rela- 
tively rapid hydrolysis of L-prolyl-t-proline and the slower but significant 
hydrolysis of t-prolylhydroxy-t-proline, peptides available for enzymatic 
study for the first time. The relative requirement that the free basic 
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group be a to the sensitive bond is indicated by the extremely slow hydrol- 
ysis of 6-alanyl-L-proline. 

Since prolidase cannot split glycyl-L-prolylglycine, it may also be con- 
cluded that a free carboxyl group must be present adjacent to the sensi- 
tive bond. Earlier observations (12) have shown that absence of the 
peptide hydrogen alone does not permit prolidase action, since glycyl- 
sarcosine was not attacked. The optical specificity of prolidase has been 
demonstrated (12) by the hydrolysis of only 50 per cent of the racemic 
compound, glycyl-pt-proline. Our data indicate further that the de- 
hydropeptide, dehydrophenylalanyl-L-proline, is not attacked. 

These findings now permit the definite classification of prolidase as an 
imidodipeptidase, which acts specifically on peptide linkages involving 
the imino group of L-proline or hydroxy-t-proline, and which requires, 
adjacent to the susceptible imide bond, a free carboxyl group and a free 
basic group. The basic group may be either the free amino group as in 
glycyl-L-proline or the free imino group as in L-proly]-L-proline. 

The data of Table V also permit a comparison between prolidase of 
horse erythrocytes and of other sources with respect to the relative rates 
of hydrolysis of several related substrates. Thus the ratio of proteolytic 
coefficients for the hydrolysis of glycyl-t-proline and glycylhydroxy-t- 
proline, Cgp:Canp, has been found to average about 8 for a number of 
tissues (2, 7,10). Good agreement is found for this ratio with Preparation 
A (see Table V). With the more highly purified preparation, B, however, 
the value of the ratio is approximately 14. The relative rates of hydrol- 
ysis of glycyl-L-proline and 6-alanyl-L-proline by erythrocyte prolidase are 
in general agreement with this proteolytic ratio for prolidase of other sources 
(11). 

It is of interest that L-prolylhydroxy-t-proline is split at roughly the 
same rate relative to L-prolyl-L-proline as glycylhydroxy-.L-proline rela- 
tive to glycyl-t-proline. The hydroxy-t-proline residue thus appears to 
exercise a proportional influence on the rate of hydrolysis determined by 
the insertion into the dipeptide of a new residue. Analogously, since 
L-phenylalanylhydroxy-.-proline is split more rapidly than glycylhydroxy- 
L-proline, it seems likely that L-phenylalanyl-L-proline, not yet synthe- 
sized, would be split at a faster rate than glycyl-L-proline, the most sen- 
sitive substrate at present available. 

The dipeptidase specificity of prolidase as shown by studies with syn- 
thetic substrates suggests that prolidase has no proteinase activity. To 
confirm this, and also to establish the freedom of erythrocyte prolidase 
preparations from contaminating proteinases, concentrated solutions of 
Mn*+-activated prolidase were incubated in 1 per cent solutions of both 
crystalline horse hemoglobin, which contains 3.9 per cent proline (13), 
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and crystalline human serum albumin, which contains 5.1 per cent proline 
(13), under conditions optimal for the hydrolysis of glycyl-t-proline. After 
incubation for periods of 2 to 18 hours, protein was precipitated by 25 
per cent trichloroacetic acid and the filtrates were tested for absorption at 
280 mu in a Beckman spectrophotometer. By this method (14), no evi. 
dence was found for the liberation of fragments soluble in trichloroacetic 
acid as the result of prolidase action on the two proteins. 


SUMMARY 


Partially purified prolidase has been prepared relatively free of other 
types of peptidase activities from horse erythrocytes. In general proper- 
ties the enzyme is similar to prolidase from other tissues. Further sub- 
strate studies indicate that prolidase is specific for the iminopeptide bonds 
of proline or hydroxyproline dipeptides and has no detectable action on 
polypeptides or proteins. Activation by Mn** appears to result from the 
formation of a dissociable complex with the enzyme. Preparations were 
obtained in which activity without added Mn** was less than 5 per cent 
of the optimally activated enzyme. 
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PHOSPHOROLYSIS AND HYDROLYSIS OF PURINE 
RIBOSIDES BY ENZYMES FROM YEAST 


By LEON A. HEPPEL anp R. J. HILMOE 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, May 16, 1952) 


The glycosidic linkage in purine and pyrimidine nucleosides has been 
shown to undergo phosphorolytic cleavage: 


Nucleoside + inorganic phosphate = ribose-1-phosphate + purine or pyrimidine (1) 


This reaction was first demonstrated with inosine and guanosine by Kalec- 
kar (1), in rat liver preparations. His work afforded an explanation for the 
stimulation of nucleosidase activity by phosphate or arsenate, which had 
been noted earlier (2). The same enzyme is probably involved in the 
phosphorolysis of nicotinamide riboside (NR) according to Rowen and 
Kornberg (3). Although it was first reported (1) that no reaction took 
place with pyrimidine nucleosides, adenosine, and xanthosine, later studies 
by Cardini et al. (4) with uridine and by Friedkin (5) with xanthosine in- 
dicated phosphorolysis with high concentrations of rat liver enzyme. 
Similar reactions were demonstrated for desoxyribosides by Manson and 
Lampen (6) and by Friedkin and Kalckar (7). Phosphorolysis of nucleo- 
sides has been found in microorganisms by Paege and Schlenk (8), Sable 
(9), Manson and Lampen (10), and Kalckar (11). No other mechanism 
for nucleoside cleavage was known until Carter (12) reported that fractions 
from bakers’ yeast split uridine in the absence of phosphate or arsenate. 
Other nucleosides were not split. 

In the present investigation both a hydrolytic system and a phosphoro- 
lytic system for splitting of purine ribosides were found in autolysates of 
dried bakers’ yeast. These activities have been completely separated and 
partially purified. The phosphorolytic enzyme catalyzes the cleavage of 
inosine, guanosine, and NR. The hydrolytic enzyme attacks inosine, guan- 
osine, adenosine, NR, and a number of synthetic purine nucleosides; uri- 
dine and cytidine are not split. These two activities will be referred to 
below as “nucleoside phosphorylase” and ‘nucleoside hydrolase.’ 


Methods 
Materials—Inosine, adenosine, guanosine, xanthosine, uridine, cytidine, 
hypoxanthine, adenine, and yeast adenylic acid were commercial pro- 
ducts (Nutritional Biochemicals Corporation or Schwarz Laboratories, 
683 
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Inc.). Examination of the nucleosides and purines by paper chromatog. 
raphy showed either no detectable ultraviolet-absorbing impurities or only 
trace amounts (under 2 per cent). 2,6-Diaminopurine riboside and other 
synthetic nucleosides were kindly furnished by Dr. J. Davoll and Dr, 
G. B. Brown. Adenine labeled with C™ in carbon 8 was synthesized ac. 
cording to Clark and Kalckar (13) by Mrs. Sylvy Kornberg, to whom we 
are indebted for a supply of this material. 

Xanthine oxidase was purified from cream as described by Horecker and 
Heppel (14) through the ammonium sulfate step. Ribose-1-phosphate, 
NR, and Dowex 1 formate were prepared as described by Rowen and 
Kornberg (3). Adenosine deaminase was prepared by dissolving 100 
mg. of Armour’s intestinal phosphatase (stated to contain 15 Schmidt- 
Thannhauser units (15) of phosphatase activity per mg.) in 10 ml. of am- 
monium acetate buffer (0.02 m, pH 8.0) and dialyzing this solution against 
0.04 m sodium acetate for 3 hours at 2°. 

Determinations—Inorganic orthophosphate was usually determined by 
the method of Lowry and Lopez (16). In a few cases estimations were 
made according to Fiske and Subbarow (17). Protein was determined by 
the colorimetric estimation of phenolic groups (18). Hypoxanthine was 
analyzed spectrophotometrically by oxidation to uric acid with xanthine 
oxidase (19), and adenosine was determined by the reduction in density 
at 265 muy resulting from the action of adenosine deaminase (20). Spectro- 
photometric measurements were made with a Beckman model DU quartz 
spectrophotometer. Reducing sugar was estimated by Nelson’s procedure 
(21). 

For C™ determinations samples were dried on nickel-plated planchets 
and the radioactivity measured with a mica end window Geiger-Miiller 
counter. Samples were counted at several thicknesses and the counts 
corrected for self-absorption. 

Assay of Inosine-Splitting Activity—Cleavage of inosine was followed by 
measuring the appearance of hypoxanthine (19). The incubation mixture 
(0.5 ml.) contained 0.08 ml. of inosine (0.01 Mm), 0.1 ml. of glycylglycine 
(0.5 M, pH 7.4), and enzyme (0.03 to 0.3 unit). The phosphorylase assay 
mixtures also contained 0.05 ml. of phosphate buffer (0.2 m, pH 7.4). At 
ter 15 minutes at 37° the incubation mixture was placed in a boiling 
water bath for 2 minutes and then transferred quantitatively to a silica 
cuvette for hypoxanthine estimation. A unit of enzyme activity is defined 
throughout this paper as the amount causing the cleavage of 1 micromole 
(uM) of substrate per hour. Specific activity is defined as units per mg. 
of protein. 

Assay of Adenosine-Splitting Activity—The amount of adenosine re- 
maining after incubation was measured and compared with a control lacking 
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nucleosidase. The incubation mixture (0.5 ml.) contained 0.04 ml. of 
adenosine (0.025 m), 0.1 ml. of glycylglycine (0.5 m, pH 7.4), and from 0.2 
to 0.7 unit of enzyme. After 1 hour at 37° an aliquot was removed for 
adenosine estimation (20). 

Splitting of Other Compounds—The rate of cleavage of xanthosine was 
followed by estimating the reaction product, xanthine, with xanthine oxi- 
dase. Splitting of uridine was measured spectrophotometrically (12). A 
fluorometric assay was used for NR (3). 

Paper chromatography was carried out as described by Carter (22) and 
the solvent mixtures were (1) for cytidine, 5 per cent KH.PO,-isoamy!] 
alcohol; (2) for uridine, butanol-ethanol (12); (3) for the other compounds, 
5 per cent NasHPO,-isoamy! alcohol. 


Results 


Autolysates prepared from rapidly dried, unwashed, fresh bakers’ yeast 
were found to contain both nucleoside phosphorylase and nucleoside 
hydrolase. The latter activity was determined by measuring the inosine 
splitting of dialyzed, phosphate-free extracts. The cleavage of adenosine 
was also an indicator of hydrolytic activity because, as will be shown, this 
riboside was not split by the phosphorylase. Slow drying of yeast de- 
stroyed the hydrolase, and it was therefore necessary to dry the crumbled 
bakers’ yeast (Fleischmann) in a thin layer (% inch) at 22-25° overnight 
with the aid of afan. Autolysates were prepared by mixing 500 gm. por- 
tions of yeast with 1500 ml. of 0.2 m acetate buffer, pH 5.1, incubating for 
6 hours at 37°, and centrifuging. 

Purification of Yeast Nucleoside Phosphorylase—All purification pro- 
cedures were carried out at 2°. 560 ml. of yeast autolysate (Fraction I, 
24,200 units, specific activity = 1.9) were mixed with 109 gm. of am- 
monium sulfate (0.35 saturation). The pH was adjusted to 4.6 with 70 
ml. of 2 M acetic acid and then another 53.9 gm. of ammonium sulfate were 
added (0.45 saturation). After 15 minutes the precipitate was removed by 
centrifugation and 685 ml. of supernatant were mixed with 40.4 gm. of 
ammonium sulfate (0.55 saturation). This second precipitate was also 
removed by centrifugation and 672 ml. of supernatant were mixed with 
62.5 gm. of ammonium sulfate (0.7 saturation). The precipitate was 
collected by centrifugation, dissolved in 0.1 Mm acetate buffer, pH 6, and 
dialyzed for 6 hours against running 0.01 m acetate buffer, pH 6 (Fraction 
II, 60 ml., 6060 units, specific activity = 3.0). 

The dialyzed solution (60 ml.) was brought to 0.35 saturation with 11.6 
gm. of ammonium sulfate. The pH was adjusted to 4.6 with 6 ml. of 2 
M acetic acid and the solution mixed with 9.9 gm. of ammonium sulfate 
(0.55 saturation). After 15 minutes the precipitate was removed by 
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centrifugation and 2.12 gm. of ammonium sulfate were added to 70.5 ml, 
of supernatant (0.6 saturation). The precipitate was collected by centrif- 
ugation and dissolved in 0.025 m sodium acetate (Fraction ITI, 25 ml,, 
2900 units, specific activity = 7). 

25 ml. of Fraction III were diluted with 62 ml. of distilled water and 35 
ml. of calcium phosphate gel (23) (10.2 mg. of solids per ml., aged for at 
least 3 months) were added. The mixture was centrifuged and the pre- 
cipitate washed successively with 100 ml. of distilled water and 200 ml. 
of 0.0067 m phosphate buffer, pH 7.4. The activity was eluted with 100 
ml. of 0.067 m phosphate buffer, pH 7.4 (Fraction IV, 665 units, specific 
activity = 35). The ammonium sulfate fractions lost activity slowly (25 
per cent deterioration in 1 month at —10°), but the gel eluate deteriorated 
to the extent of 50 per cent in several days at —10°. 
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Fic. 1. Effect of pH on the activity of nucleoside hydrolase (A) and nucleoside 
phosphorylase (B). The phosphorylase assay mixtures contained at least 0.02 
phosphate. gy, 0.1 mM acetate; O, 0.1 m glycylglycine; A, 0.02 m phosphate; A, 0.1 
phosphate; @, 0.1 m glycine. 


It is evident from the foregoing that the three steps gave only a small 
purification (19-fold), with large losses. However, this procedure resulted 
in a clean separation of phosphorylase from hydrolase activity. In the 
original autolysate, which contained approximately equal amounts of the 
two enzymes, the rate of inosine-splitting was reduced by 50 per cent in 
the absence of inorganic phosphate. With Fraction III the rate of split- 
ting in the absence of phosphate was reduced to less than 0.2 per cent of 
the control value. 

Properties of Yeast Nucleoside Phosphorylase—The pH optimum was 
near 7.0 (Fig. 1). Inosine, guanosine, and NR were split, but only in the 
presence of phosphate or arsenate. The requirement for inorganic phos- 
phate was absolute, 0.012 mM was optimal and A, (24) was 8 X 107? M. 
With 0.02 m and 0.002 m arsenate the rate of cleavage was 0.64 and 0.66 
of that obtained with corresponding concentrations of phosphate. The 
reaction with phosphate stopped short of completion, at a point dependent 
on the concentration of this anion (Fig. 2). From these data the equi- 


3 
_ = 
4 
> 
a 


' 


a & 


L. A. HEPPEL AND R. J. HILMOE 687 


librium constant for the phosphorolysis may be estimated to be approxi- 
mately 0.03. Inorganic phosphate was taken up during the reaction. 
Thus, with 0.7 unit of enzyme and 0.47 uM of inorganic phosphate per 0.5 
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PERCENT PHOSPHOROLYSIS 


re) L 
0 100 200 300 
TIME IN MINUTES 
Fic. 2. The phosphorolysis of inosine. The incubation mixture is described in the 
text under ‘‘Methods”’ and contained 200 7 of enzyme (specific activity = 7). Curve 
A, 0.0016 m phosphate; Curve B, 0.02 m phosphate; Curve C, 0.1 m phosphate. 


TABLE 


Formation of Inorganic Phosphate from Ribose-1-phosphate and Hypozanthine in 
Presence of Nucleoside Phosphorylase 
The incubation mixture (0.5 ml.) contained 0.6 um of ribose-1-phosphate, 0.1 ml. 
of glycylglycine buffer (0.5 m, pH 7.4), enzyme, and hypoxanthine. Incubation was 
at 37° for 1 hour, after which inorganic phosphate was determined by the method 
of Lowry and Lopez (16). The enzyme preparations were ammonium sulfate frac- 
tions whose specific activity was 7 for the phosphorylase and 32 for the hydrolase. 


Enzyme added eee Jong Inorganic P formed 
M X 108 uM 
Nucleoside phosphorylase, 0.7 unit.............. 0.0 0.00 
“ 1.0 0.37 
“ | 1.5 0.41 


ml., the removal of inorganic phosphate amounted to 0.05 uM in 1 hour 
with 0.8 um of inosine and 0.08 uM in 1 hour with 2.8 uM of inosine. Evi- 
dence for reversibility is shown in Table I. Here it can be seen that 
nucleoside phosphorylase stimulated the liberation of inorganic phosphate 
from ribose-1-phosphate and hypoxanthine. There was no activity with- 
out hypoxanthine, which rules out a phosphatase effect. 
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At optimal substrate concentrations NR was split one-third as fast as 
inosine. Uridine was split by crude extracts but not by the purified en- 
zyme, and cytidine was not acted upon, even by crude yeast autolysates, 
No splitting by the purified enzyme was observed with xanthosine, adeno- 
sine, or any of the synthetic nucleosides. 

Enzyme-substrate dissociation constants (24) were determined for inosine 
(1.1 K 10-*) and NR (6.5 X 10-*). The results of kinetic measurements 
when plotted according to Lineweaver and Burk (25) indicate competitive 
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Fic. 3. The effect of guanosine on the rate of inosine phosphorolysis. The data 
are plotted according to Lineweaver and Burk (25). Curve A, inosine alone; Curve B, 
inosine plus 3.8 X 107? um of guanosine. The incubation mixture also contained 
50 um of glycylglycine buffer, pH 7.4, 10 um of phosphate buffer, pH 7.4, 30 y of 
nucleoside phosphorylase (specific activity = 7), and distilled water up to 0.5 ml. 
The rates are expressed as micromoles split per hour per 0.5 ml. 

Fic. 4. The effect of guanosine and adenosine on the rate of inosine hydrolysis. 
Curve A, inosine alone; Curve B, inosine plus 0.2 um of guanosine; Curve C, inosine 
plus 0.49 um of adenosine. The experimental conditions were as in Fig. 3 except that 
phosphate was absent and the enzyme used was 6 vy of nucleoside hydrolase (specific 
activity = 30). 


L iL. 


inhibition of inosine-splitting by guanosine (Fig. 3). This suggests that 
one enzyme is concerned in the splitting of these two nucleosides. 

Purification of Yeast Nucleoside Hydrolase—140 ml. of yeast autolysate 
(Table II) were mixed with 27.2 gm. of ammonium sulfate and the pH 
was adjusted to 4.6 with 17.2 ml. of 2 m acetic acid. Another 13.3 gm. of 
ammonium sulfate were then added (0.45 saturation). After 15 minutes 
the mixture was centrifuged for 8 minutes at 13,000 X g. The supernatant 
(164 ml.) was brought to 0.55 saturation by the addition of 9.7 gm. of am- 
monium sulfate. A precipitate formed which was collected by centrifuga- 
tion, dissolved in 0.1 m acetate buffer, pH 6.0, and dialyzed for 6 hours 
against flowing 0.01 m acetate buffer, pH 6.0 (Fraction IT). 
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Fraction II was centrifuged and 25 ml. of supernatant solution were 
adjusted to pH 7.3 with 1 ml. of 0.2 M ammonium hydroxide. 7.55 gm. 
of ammonium sulfate were added (0.5 saturation). The precipitate was 
removed by centrifugation and the supernatant (28.2 ml.) was mixed with 
1.69 gm. of ammonium sulfate (0.6 saturation). The precipitate was 
removed and to 27.5 ml. of supernatant solution were added 1.7 gm. of 
ammonium sulfate (0.7 saturation). This time the precipitate was col- 
lected by centrifugation and dissolved in 0.02 m sodium acetate to give a 
volume of 15.5 ml. (Fraction ITT). 

A 1 ml. portion of Fraction III was treated with 2.5 ml. of distilled water 
and 0.2 ml. of aged calcium phosphate gel (23) (10.2 mg. of solids per ml.). 


TaBLeE II 
Purification of Yeast Nucleoside Hydrolase 
| | 


Specific Ratio, 
Over-all activity 


Step Volume | Total units | yield | ‘against ladenosine rate 
| inosine __ inosine rate 
| 

| mi. | | per cent "| 
140 | 2800 | 1.7 
II. Ammonium sulfate...... 7.56 | WO | @ 16.2 0.4* 
IV. Calcium phosphate... .. | 54.5 | 595 | 21.2 94 «0.5 


*A sample of commercially dried bakers’ yeast was purified through the first 
ammonium sulfate step. Its specific activity against inosine hydrolysis was 2.0, 
and the ratio, rate of adenosine hydrolysis over rate of inosine hydrolysis, was 0.5. 
Another sample at the calcium phosphate stage showed two-thirds deterioration 
after long storage, and the ratio of activities was maintained at 0.5. 


The gel was removed by centrifugation and the supernatant (Fraction IV) 
showed a 55-fold purification compared with the original autolysate. Its 
purity could be doubled by adsorbing the enzyme on calcium phosphate 
gel and eluting, successively, with water, M/600 and m/300 phosphate buf- 
fer, pH 7.4. Unfortunately the yield for this step was only 14 per cent 
and it was not considered useful. 

Fractions II and III could be stored for several months at —10° but 
Fraction IV was relatively unstable. For this reason only small portions 
of enzyme at a time were treated with gel. 

Removal of nucleoside phosphorylase activity was accomplished by the 
first ammonium sulfate step. Thus, Fraction II showed no stimulation by 
phosphate and did not catalyze the formation of inorganic phosphate from 
a mixture of ribose-1-phosphate and hypoxanthine. 

Properties of Yeast Nucleoside Hydrolase—The purified enzyme split 
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inosine, adenosine, guanosine, xanthosine, NR, and a number of syn- 
thetic nucleosides (see Table III). This was measured by the appearance 
of reducing sugar, by paper chromatography, and by assays for hypoxan- 
thine, xanthine, adenosine, and NR. Inosine and NR were hydrolyzed 
at equal rates, and xanthosine one-fortieth as fast. In the course of 
purification the ratio of rate of adenosine splitting to rate of inosine split- 


TaBLeE III 
Formation of Reducing Sugar from Nucleosides by Yeast Nucleoside Hydrolase 


The incubation mixture (0.5 ml.) contained 0.1 ml. of glycylglycine buffer (pH 
7.4, 0.5 mM), 1 wm of substrate, and 0.8 unit of nucleoside hydrolase (specific 
activity = 30).* After 5 hours at 37° an aliquot of the incubation mixture was 
analyzed for reducing sugar by Nelson’s procedure (21). Another aliquot was 
chromatographed, with 5 per cent NazHPQO,-isoamyl] alcohol, according to Carter’s 
directions (22). Materials on paper were visualized in ultraviolet light. 


| Reducing Rr 
Substrate sugar 

Be | Substrate | Reaction product 
2-Chloro-9-8-p-ribofuranosyladenine.......... 0.42 | 0.46 0.32 
0.33 | 0.56 0.43 
0.57 0.38 0.25 
2,6-Diamino-9-8-p-ribofuranosylpurine........ 0.37 0.37 0.23 
2,8-Dichloro-9-8-p-ribofuranosyladenine...... 0.05 0.42 None visualized 
9-8-p-Ribopyranosyladenine.................. 0.03 0.56 
0.00 0.55 ws 
9-a-p-Arabofuranosyladenine................. 0.00 0.52 
| 0.00 0.50 


* Similar results were obtained for the first seven compounds in the table with 
an enzyme preparation whose specific activity was 90. 


ting remained constant (Table II). It was also found that both guanosine 
and adenosine inhibited the rate of cleavage of inosine competitively, for 
the inhibition was overcome by an increase in substrate concentration. 
The data were plotted according to Lineweaver and Burk (25) and the 
experimental points fitted approximately to a pair of lines with a common 
intercept but different slopes (Fig. 4). This suggests that at least inosine, 
adenosine, and guanosine are split by one enzyme. Uridine, cytidine, and 
yeast adenylic acid were inactive as substrates. 

There was no phosphate or arsenate requirement with any of the sub- 
strates. Arsenate up to a concentration of 0.02 m did not depress the rate 


L. A. HEPPEL AND R. J. HILMOE 691 


of hydrolysis of inosine. Phosphate buffers (0.02 m) of which the pH was 
below 6.7 had no effect on the rate, while more alkaline phosphate buffers 
were inhibitory when compared with glycylglycine or glycine. In these 
experiments the purified enzyme was treated with Dowex 1 formate in 
order to remove traces of inorganic phosphate (3). An amount of enzyme 
catalyzing the splitting of 1 um of inosine per hour contained less than 0.006 
um of total phosphorus. There was no formation of inorganic phosphate 
from ribose-1-phosphate and hypoxanthine (Table I). All of this evidence 
would appear to exclude a phosphorolytic mechanism. Total pentose as 
measured by Mejbaum’s procedure (26) remained constant and ribose was 
identified as a reaction product by paper chromatography with four solvent 


2 100 
80+ 
40+ - 
20 - 

7 100 200 400 


TIME IN MINUTES 


Fic. 5. The enzymatic hydrolysis of inosine. Theincubation mixture is described 
in the text. ©, 0.8 unit of enzyme, no phosphate; @, 0.8 unit of enzyme, 0.02 m 
phosphate; gj, 1.6 units of enzyme, no phosphate. With 0.5 unit of enzyme (not 
shown) and no phosphate, hydrolysis was complete in 360 minutes. The prepara- 
tion had a specific activity of 16. Similar curves were obtained with material whose 
specific activity was 32. 


mixtures. The reaction therefore appeared to be a hydrolysis of the 
ribosidic bond. 

With inosine, guanosine, and adenosine it was determined that hydroly- 
sis went to completion. Data for inosine are shown in Fig. 5. Complete- 
ness of cleavage of guanosine was established by examination of paper 
chromatograms. Adenosine was entirely split, as determined by assays 
with adenosine deaminase, and it was directly cleaved to form adenine 
and ribose. Thus, paper chromatograms (22) of the reaction mixture 
showed only one spot under ultraviolet light whose Rp (0.44) corresponded 
to that of an adenine standard. The spectrum of the reaction product 
matched that of adenine, and the value of e for both was 1.4 * 10 at 
260 mu. Assays of the reaction mixture for hypoxanthine were negative. 
When adenosine was hydrolyzed to the extent of 40 per cent in the pres- 
ence of C-labeled adenine, there was no significant incorporation of 
isotope into the nucleoside. This appears to rule out even a small degree 
of reversal. 


| 
1ce 
n- 
ed 
of 
it- 
fic | 
as 


692 CLEAVAGE OF PURINE RIBOSIDES 


It was thought that nucleoside hydrolase might catalyze an exchange 
reaction involving the purine bases, such as the formation of adenosine from 
inosine and adenine. However, tracer experiments showed no significant 
incorporation of C'*-labeled adenine into adenosine when inosine was also 
present (Table IV). 

Adenosine Splitting by Potato Fractions—Ammonium sulfate fractions 
of potato extracts! were found to be active in splitting adenosine. The 
nucleoside was directly cleaved without deamination, for chromatographic 


TaB_Le IV 
Adenosine Splitting in Presence of Inosine and C'4-Labeled Adenine 


The incubation mixture (0.58 ml.) contained 1 um of adenosine, 0.5 uo of inosine, 
1 um of C'*-labeled adenine (13,500 c.p.m.), 0.1 ml. of glycylglycine (0.5 m, pH 7.4), 
and 1 unit of yeast nucleoside hydrolase (specific activity = 20). After 80 minutes 
at 37° the mixture was heated in a boiling water bath for 2 minutes and centrifuged. 
Samples were removed for adenosine determination and compared with a control 
lacking enzyme. Aliquots of 0.04 ml. (six in all) were placed on Whatman No. | 
paper and chromatographed with 5 per cent NazHPO,-isoamy! alcohol, and the 
spots visualized in the ultraviolet were eluted as described by Carter (22). Por- 
tions of the eluate were evaporated on nickel-plated planchets for counting. Cor- 
rections for self-absorption were made. 


C.p.m. recovered in various fractions 


| | Adenine Adenosine Inosine Hypoxanthine 
per cent | 
36 12,600 40 0) 0 
2 37 — 12,700 50 0 50 


3 13,000 26 0 


* Inosine was hydrolyzed to the extent of 35 per cent. Adenine inhibits the 
splitting of both inosine and adenosine. 


analysis and measurement of the absorption spectrum showed that adenine 
was the only base liberated. Inorganic phosphate was not required. 
Thus, an amount of enzyme solution containing less than 0.004 ua of total 
phosphorus catalyzed the splitting of 0.35 um of adenosine in 1 hour. 


DISCUSSION 


The data presented here show the presence of two mechanisms for nucleo- 
side splitting in autolysates of dried yeast, one a hydrolysis and the other 
a phosphorolysis. The hydrolytic system was active with a large number 
of purine nucleosides, both natural and synthetic, and also with NR. 


1 These were obtained in the course of purification of nucleotide pyrophosphatase 
(27). 
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The purified nucleoside phosphorylase preparation, on the other hand, 
was found to attack only inosine, guanosine, and NR. Purine nucleoside 
phosphorylase of animal tissues shows a similar specificity (28). The 

ibility of an extremely slow reaction with other ribonucleosides was 
not excluded (4, 5) and desoxyribonucleosides were not studied. 

It has been suggested (29) that a hydrolyzing nucleosidase might be 
derived from a phosphorylating nucleosidase, the phosphorolytic capacity 
being lost in the process of isolation. This appears unlikely in the present 
case, because here both activities exist and are associated with separable 
enzymes. Furthermore, the hydrolytic enzyme is the more easily destroyed 
of the two nucleosidases. 

Recently several hydrolytic enzymes have been shown to catalyze an 
exchange of groups from one acceptor to another. Thus a citrus phos- 
phatase catalyzes the transfer of the phosphoryl group from phenols to 
primary alcohols (30), and the phosphorylation of glycerol by creatine 
phosphate is carried out by an animal phosphatase (31). MacNutt has 
described the enzymic transfer of the desoxyribosyl group from one purine 
or pyrimidine to another by bacterial systems (32). No evidence for a 
similar exchange with yeast nucleoside hydrolase could be obtained. 

Since this work was started, nucleoside hydrolyzing systems have been 
reported to occur in Lactobacillus pentosus by Lampen and Wang (33) 
and in Lactobacillus helveticus by Kalckar (11). 


SUMMARY 


Two mechanisms for the splitting of ribonucleosides were found in autol- 
ysates prepared from dried bakers’ yeast; namely, a phosphorolysis and 
a hydrolysis. The enzyme systems involved were completely separated 
by ammonium sulfate fractionation at pH 4.6 and each was partially puri- 
fied. 

The nucleoside phosphorylase resembled Kalckar’s animal phosphoryl- 
ase. Of a number of ribonucleosides tested it split only inosine and 
guanosine. The same preparation catalyzed the cleavage of nicotinamide 
riboside. The reaction required inorganic phosphate, which was esterified. 
An equilibrium point was reached and reversal could be demonstrated 
with ribose-1-phosphate and hypoxanthine. 

The nucleoside hydrolase catalyzed an irreversible reaction which pro- 
ceeded to completion. Free ribose and the corresponding nitrogenous 
base were formed from inosine, adenosine, guanosine, xanthosine, nicotin- 
amide riboside, and a number of synthetic ribonucleosides. There was 
no requirement for phosphate or arsenate. Cleavage of adenosine was not 
preceded by deamination. A similar enzyme was found in potato fractions. 

Neither the phosphorylase nor the hydrolase split uridine or cytidine. 
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PREPARATION OF PURIFIED MYOGLOBIN FROM 
SKELETAL MUSCLE OF THE GUINEA PIG 


By HAROLD L. HELWIG* anp DAVID M. GREENBERG 


(From the Department of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 22, 1952) 


The knowledge of the metabolism and biological function of myoglobin 
remains very limited. In 1932, Theorell (1) described the crystallization 
of myoglobin from perfused horse heart. Rossi-Fanelli and Aragona (2) 
isolated this same protein from a number of domestic animals. Although 
the purification and crystallization of myoglobin of large mammalian 
species and the human (3) have been successfully accomplished, the isola- 
tion and purification of this pigment from small animal species have not 
been reported in the literature. The difficulty in the isolation of this 
protein from common laboratory animals has been one of the barriers in 
the investigation of myoglobin. 

This paper will describe a scheme for the preparation of purified myo- 
globin from skeletal muscle of the guinea pig. 


Methods 


Spectrophotometric Measurement of Carbonyl Derivatives of Hemoglobin 
and Myoglobin—The method of Poel (4) was adopted for the spectrophoto- 
metric measurement of the concentration of carbonylmyoglobin and car- 
bonylhemoglobin. Absorption measurements were made with a Beckman 
spectrophotometer, model DU, at 568 and 538 my with a slit width of 
0.0175 mm. and nominal band width of 1.73 to 1.26 mu. This method 
was also used for optical density measurements of the carbonyl deriva- 
tives over the wave-length range of 480 to 600 my with nominal band 
widths of 1.04 to 2.01 mu. Molar extinction coefficients were calculated 
from the equation log Jp/J = d = ecl, where J/I is the ratio of intensi- 
ties of incident to emergent light, d is the optical density, ¢ is the: molar 
extinction coefficient, c is the molar concentration, and / is the cell thick- 
ness. Molar concentration was estimated from iron determinations for 
purposes of calculating molar extinction coefficients. 

Determination of Iron—Iron was determined in nitric acid digests of the 


* Condensed from a thesis submitted by Harold L. Helwig to the Graduate Di- 
vision of the University of California for the degree of Doctor of Philosophy, Janu- 
ary, 1952. Present address, Radiation Laboratory, University of California, Berke- 
ley, California. 
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chromoproteins by measurement of color with o-phenanthroline (5, 6) at 
510 mu in the Beckman spectrophotometer. 

Measurement of Radioactivity—Fe*® of tagged hemoglobin, used to cheek 
the efficacy of the method of purification of myoglobin for the remoyal of 
hemoglobin, was prepared for counting by the ashing and electroplating 
procedures described by Vosburgh and coworkers (7). The electroplated 
iron samples were counted in a windowless counter tube (Research Service 
and Equipment Company, Chicago, Illinois) used in conjunction with a 
nuclear scaling unit, model 163 (Nuclear Instrument and Chemical Cor. 
poration, Chicago, Illinois). The flow gas used was helium-1 per cent 
isobutane. 

Measurement of Sedimentation Velocity—Analysis of sedimentation ve- 
locity was performed in the Spinco model E analytical ultracentrifuge 
(Specialized Instruments Corporation, Belmont, California). Measure- 
ments were made at 24.7-27.0° at a speed of 59,780 r.p.m. with a sector 
cell. Photographs were taken by the schlieren optical method with ey- 
posures at 16 minute intervals. Sedimentation constants were corrected 
to water at 20° and expressed as Svedberg units of sedimentation (10- 
em. sec.—! per unit field of force or 10-'* second in absolute units). 

Preparation of Purified Myoglobin—Muscle from stock guinea pigs, 
anesthetized with Nembutal and bled by cutting the jugular vein, was 
ground in a hand meat grinder. The tissue was homogenized in a Waring 
blendor with an equal weight of distilled water and the suspension was 
allowed to stand overnight in the cold room at 5°. The homogenate was 
then centrifuged to remove the muscle tissue and the supernatant was 
decanted. The supernatant, which was always found to be at pH 6.2, was 
heated rapidly to 60° with stirring in a water bath and maintained at that 
temperature for 15 minutes, then chilled under running water to room 
temperature. The heat-coagulable proteins were removed by centrifuga- 
tion. 

The supernatant from the heated muscle extract was fractionated in the 
cold room at 5° with various concentrations of (NH4)2SO,4, adjusted to 
pH 7 with NH,OH. The supernatant was first dialyzed in a cellophane 
tube for 24 hours in the cold room against saturated (NH4)2SO, with agi- 
tation by rocking. All visible chromoprotein was precipitated. The in- 
soluble protein was collected by centrifugation at 20,000 x g in a Servall 
angle head centrifuge (type SS-1) and the supernatant was discarded. 
The red-brown precipitate was extracted with an equal volume of a solu- 
tion containing 608 gm. of (NH,4)oSO, per liter at pH 7 and centrifuged. 
The extraction was repeated with fresh aliquots of the (NH4)sSO, solution 
until no more chromoprotein was dissolved. The combined extracts were 
placed in a cellophane tube and dialyzed against saturated (NH,)2S0O, in 
the cold room with agitation for 24 hours. The dark brown precipitate 
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was collected by centrifugation at 20,000 * g and was dissolved in a mini- 
mum amount of water. The resulting red solution was placed in a cel- 
lophane tube, which was tied off so as to permit only a minimum increase 
of volume, and was dialyzed against redistilled iron-free water until sulfate- 
free. The resulting solution was used in further fractionation on a starch 


column. 
Potato starch columns were packed by suspending 75 gm. of potato 


starch (Swan potato flour, manufactured by Stein, Hall and Company, 


Inc., New York) in 75 ml. of absolute ethyl alcohol, then adding 25 ml. of 
95 per cent ethy] alcohol with stirring, and pouring the slurry into Pyrex 
tubes of 25 mm. inside diameter, drawn to a tip and plugged with cotton. 
After the starch had settled to a height of 25 cm., the excess alcohol above 
the starch bed was forced out by applying air pressure, and distilled water 
was forced through under a pressure of 25 cm. of mercury for 12 hours to 
wash out the alcohol and expand the starch column. The column was 
then washed with 0.05 m phosphate buffer at pH 6.65 until the pH of the 
eluate was stabilized at pH 6.65. 

Chromoprotein solution to be fractionated on starch was adjusted to 
pH 6.65 with 0.1 mM potassium phosphate and pipetted carefully onto the 
surface of the starch bed. The solution was forced into the surface of the 
starch bed by air pressure, care being taken not to allow air to penetrate 
the surface of the starch. The chromatogram was developed and eluted 
with 0.05 mM potassium phosphate buffer at pH 6.65. Two colored bands 
formed, one of which contained hemoglobin and remained immobile near 
the surface, while the second, containing myoglobin, was eluted and col- 
lected. 


Rationale of Method of Purification of Myoglobin 


Temperature and Time of Heating—The influence of temperature and 
time of heating of the muscle extract was determined by spectrophoto- 
metric measurement of hemoglobin and myoglobin, and assay of nitrogen 
by nesslerization. Typical results are presented in Table I. From these 
data it is apparent that 10 to 20 minutes of heating at 60° removed over 
90 per cent of the hemoglobin, with a concurrent loss of 20 to 25 per cent 
of the myoglobin. This step removed over 40 per cent of the total ni- 
trogen. 

Fractionation with Ammonium Sulfate—Dialysis against saturated 
(NH,)2SO, resulted in removal of some hemoglobin, but was most effective 
in removing other muscle proteins which interfered with chromatographic 
separation if this step was omitted. Precipitation by saturated (NH4)2SO, 
served to concentrate the myoglobin. (NH,)2SO, at 80 per cent satura- 
tion preferentially dissolved myoglobin. 

Fractionation on Starch—A brief study of the effect of salts on the re- 
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tention of the chromoproteins on starch revealed that incomplete removal 
of sulfate by dialysis resulted in no retention of pigments. 0.1 M potas. 
sium phosphate used as developer and eluent gave incomplete resolution 
of hemoglobin and myoglobin. 0.05 mM potassium phosphate was found to 
be effective in separating these two pigments. Optimum resolution oe. 
curred at pH 6.65. 

It was observed that, during washing of the starch bed with 0.05 y 
phosphate buffer at pH 6.65, the pH of the eluate went through a cyclic 
change, increasing to pH 8, then decreasing to pH 6, and returning to 
pH 6.65, at which value it remained during several hours of continuous 
flow of buffer. Establishment of a stable pH required 3 hours of washing 


TaBLeE 
Effect of Heating at 55° and 60° on Proteins of Muscle Extract 
The initial N concentration was determined on the unheated extract. The initial 
concentrations of hemoglobin and myoglobin were determined spectrophotometri- 
cally on extracts heated to 55° and 60° and immediately cooled. 


Temperature of heating, °C..................... | 55 | 55 60 00 
, 20 sec. 15 min. 30 min. 20 sec. 10 min. 20 min, 
Supernatant, y N per ml............ 5090 4400 3500 | 3020 3770 2860 | 2540 
N lost from supernatant, %........ | | 12.55 31; 4! | 26, 438 «2&0 
Myoglobin in supernatant*......... ! | 61 , 55 56 58 49 46 
lost by heating, %....... 10 | 5 20, 
Hemoglobin in supernatant*........ | | 37 21; 15| & 2; 4 
es lost by heating, %..... | | 43 60 11 95 90 


* Arbitrary units. 


under the conditions used and was essential for good resolution of the 
chromoproteins. 

An investigation of the effectiveness of the over-all method in separating 
hemoglobin from myoglobin as measured by the disappearance of added 
hemoglobin labeled with Fe®> and by the spectrophotometric method is 
summarized in Table II. The final preparation contained 60 per cent of 
the initial myoglobin and only traces of hemoglobin. 


Characteristics of Purified Myoglobin 


Molar Extinction Coefficient of Carbonylmyoglobin—Data for two myo- 
globin preparations are shown in Fig. 1. The measured extinction coefl- 
cients of 15.1 K 103 and 14.3 & 10? at 538 mu and 12.2 X 10* and 11.6 X 
10? and 14.3 X 10? at 538 my and 12.2 X 10* and 11.6 X 10% at 568 mp 
differed by less than 4 per cent from the respective values of 14.3 X 10° 
and 11.8 X 10? used to estimate the concentration of carbonylmyoglobin. 


Se & SSS | 


2.5% 
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Maximum values of the molar extinction coefficient of carbonylmyoglobin 
occurred at 578 to 580 my and 542 mu, while minimum values were ob- 
tained at 560 and 500 mu. The values of molar extinction coefficients at 


TaB_e II 
Removal of Hemoglobin and Myoglobin from Muscle Extracts by Heat 
and Fractionation on Starch 
2.5 ml. of a solution of crystalline hemoglobin labeled with Fe*® containing 2387 
c.p.m. were added to 230 ml. of guinea pig muscle extract. Fe*® activity in the su- 
pernatant was measured after heating at 60° for 15 minutes and after chromato- 
graphic fractionation at pH 6.65 on potato starch. 


Hb b 
Fess poste | Hb* Mb* Hb* Mb 


c.p.m. per cent | ma per l. mm perl. per cent | per cent 
Muscle extract + hemoglobin 


labeled with Fe®>............ 2387 100 13.7 7.3 100 100 
Supernatant after heating 15 | 

| 1.37 5.4 10 75 
Eluate from starch column..... 5 | 5 ae | 4.1 0 60 


— 

O 

* 

LJ 

ab 0.0103 mM MbCO 
o--0 0.0286 mM MbCO \ 

480 520 560 600 


Wavelength 


Fic. 1. Absorption spectra of carbonylmyoglobin of the guinea pig. The meas- 
urements were made in 0.1 m sodium phosphate buffer, pH 7.0, in a Beckman spec- 
trophotometer, model DU. 


the maxima and minima are compared in Table III with those found for 
horse and human myoglobin by Bowen (8) and Theorell (9, 10). The 
location of the maxima and minima for guinea pig and the other species 
are in good agreement. The values for guinea pig myoglobin are slightly 
higher than those for horse and man. 


10va] 
Otas- 
ition 
1d to 
Of- 
| 
yclic 
g to 
— 
itial | 
atri- 
i ts. 

Val from spectrophotometric measuremen 

* Values 
| | 
XUM 


700 PREPARATION OF MYOGLOBIN 


Purified myoglobin preparations contained a hemoglobin concentration, 
as measured by differential spectrophotometry (4), less than that ae. 
counted for by an error of 0.001 in optical density reading. 

Sedimentation Studies—Analyses of sedimentation velocity were made 
on purified myoglobin preparations containing 2.51, 4.13, and 6.19 mg. of 


Taste III 
Comparison of Extinction Coefficients for Carbonylmyoglobin 


‘This paper | Bowen (8)  Theorell (10) This paper Bowen (8)  Theorell (9) 


foe | | foe] | foe | | foe | | 
| | my | mp | | mu 
Horse | | 579 12.6 | 560 10.6 560 9.5 
| | | 500 5.3 500 4.8 
Human | | | | 579 10.0. | | 
540} 12.0) | 
Guinea pig 578 13.59 Ee 560 11.17 
542, 15.68 500 5.83 
$80 13.22) | 562 10.91 
542 15.14 gree 500 5.77 
21+ 
S20} 
02 03 Os O5 06 O7 


Concentration (gm /!O0 mi) 


Fic. 2. Sedimentation constants for three preparations of guinea pig myoglobin 
Sedimentation velocities were measured in 0.1 mM sodium phosphate buffer, pH 7.0, 
in a Spinco model E analytical ultracentrifuge at 59,780 r.p.m. The extrapolated 
value of S29 is 2.07 X 107 second. 


myoglobin per ml. Prior to ultracentrifugation the solutions were di- 
alyzed against 0.1 m sodium phosphate buffer, pH 7.0. The myoglobin 
concentrations were estimated by spectrophotometric analysis of carbonyl- 
myoglobin. In each instance, a single moving boundary was observed 
during 3 to 4 hours of centrifugation. A plot of se versus concentration is 
shown in Fig. 2. The intercept from extrapolation to zero concentration 
is $29 = 2.07 S, which is in good agreement with the value of 2.04 S for horse 
myoglobin (11). The molecular weight of guinea pig myoglobin calculated 
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fom s = 2.07 XK 10~ second, found from the three preparations studied, 
and D = 11.3 X 1077 em.’ sec.—! (12) is 17,100. This value lies in the 
range of molecular weight estimations for horse myoglobin in the literature 
reviewed by Wyman and Ingalls (13). 


The authors are indebted to William Harrington, who kindly performed 
the ultracentrifugal experiments. 


SUMMARY 


A method was developed for the preparation of purified myoglobin from 
skeletal muscle of the guinea pig. That the myoglobin preparation is 
virtually free of hemoglobin was demonstrated by the removal of added 
hemoglobin labeled with Fe**, by the absence of a hemoglobin component 
in the absorption spectrum of carbonylmyoglobin, and by the presence of 
only one component in the ultracentrifugal pattern, the sedimentation 
constant of which approximated that of crystalline myoglobin of other 


species. 
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STUDIES ON THE METABOLISM OF IRON-CONTAINING 
PROTEINS WITH RADIOACTIVE CARBON AND IRON* 


By HAROLD L. HELWIGf anp DAVID M. GREENBERG 


(From the Department of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 22, 1952) 


Hemoglobin, of the iron-containing compounds, has received the most 
attention because of its quantitative importance and ease of isolation. In 
contrast, tracer studies with radioiron of ferritin, cytochrome c, and myo- 
globin, which are more difficult to isolate, have been less numerous. The 
uptake of C!* by these proteins has received almost no study. 

Of particular interest in relation to the present work is the comparative 
study of iron metabolism in organs of the rat by Copp and Greenberg (1). 
[It was desired to extend these studies, based on tissues, to an investigation 
of the iron uptake by well defined iron-containing proteins and to measure 
the comparative uptake of C!‘ of acetate, which is a precursor of heme (2), 
by these proteins. The present experiments were designed to measure the 
comparative incorporation of C'* of methyl-labeled acetate and radioiron 
innormal guinea pigs and of radioiron in guinea pigs stimulated to hem- 
atopoiesis by cobalt and by blood loss. Proteins that were studied are 
hemoglobin, plasma proteins, cytochrome c of skeletal muscle, myoglobin 
of skeletal muscle, liver ferritin, and bone marrow. 


EXPERIMENTAL 


Animals—Guinea pigs weighing 400 to 1000 gm. were chosen because 
of their adequate muscle mass for the isolation of myoglobin, which was of 
special interest in these studies. Stock animals were maintained on a 
diet of rabbit pellets! supplemented by fresh lettuce twice weekly. 

Polycythemia was induced by the intraperitoneal injection of 0.5 mg. of 
cobalt as cobalt acetate in isotonic solution on alternate days for 2 weeks. 
Anemia was produced by withdrawal of 30 per cent of the blood volume by 
heart puncture from the animal anesthetized with ether. Radioactive 
materials were injected intraperitoneally in isotonic solution. Animals 


* Aided by a research grant from the Christine Breon Fund of the University of 
California School of Medicine. 

t Condensed from a thesis submitted by Harold L. Helwig to the Graduate Di- 
vision of the University of California for the degree of Doctor of Philosophy, Jan- 
uary, 1952. Present address, Radiation Laboratory, University of California, 
Berkeley, California. 

‘Supplied by the California Milling and Grain Company, San Francisco. 
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anesthetized with Nembutal for withdrawal of blood by heart puncture 
were sacrificed by bleeding from the jugular vein. 

Isolation and Purification of Proteins—Heparinized blood was taken by 
heart puncture and centrifuged to separate cells and plasma. Hemoglobin 
in solution from washed and lyzed erythrocytes was chilled at 0° to permit 
erystallization. The crystalline hemoglobin was collected by centrifuga- 
tion and was washed with 95 per cent ethanol, absolute ethanol, and ethy! 
ether. Plasma protein was precipitated by addition of 95 per cent ethanol 
and was washed successively with absolute ethanol and ethyl ether. 

Cytochrome c was isolated from skeletal muscle according to the method 
of Keilin and Hartree (3). Twice crystallized ferritin was obtained from 
liver according to the method of Granick (4). 

Bone marrow was collected by cutting off the ends of the long bones 
and forcing out the marrow by a blast of air through a hypodermic needle 
attached to an air pressure line. The marrow was washed successively 
with 95 per cent and absolute ethanol and ethyl ether. 

The isolation and purification of myoglobin from skeletal muscle of the 
guinea pig have been described (5). 

Wet Ashing of Proteins—Dry proteins were ashed in 50 ml. Kjeldahl 
flasks on a sand bath with the minimum amount of nitric acid. Ashing 
was completed with a few drops of Superoxol and heating to dryness. The 
ash was dissolved in hydrochloric acid and heated to near dryness to con- 
vert the iron to its chloride. 

Preparation of Radioactive Samples—Because the radiations of Fe>® are 
x-rays of about 0.007 m.e.v. energy and soft conversion electrons, it is 
essential that self-absorption be minimized. This is best accomplished by 
electroplating the iron in a thin metallic layer on copper. The method 
described by Vosburgh and coworkers (6), with slight modifications, was | 
used. Self-absorption was standardized by addition of 3.75 mg. of carrier | 
iron to each sample. The iron was deposited on an area of 4.91 sq. em. 
by a current of 300 ma. at 8 volts d.c. in a period of 6 hours. 

For the method of determining total iron see Helwig and Greenberg (5). } 

Samples of proteins labeled with C'* were prepared by transferring a 
suspension of dry aleohol-ether-washed protein in ethyl ether to a glass 
cylinder clamped against a weighed aluminum plate. A few ml. of petro- 
leum ether were added and the solvents were allowed to evaporate. The 
deposited protein layer was dried at 100° for 1 hour in an oven and the 
plate was reweighed. 

For the method of counting the radioactivity see Helwig and Greenberg 
(5). Self-absorption of radiations of C'* was corrected by factors cal- 
culated from measurement of multiple samples of a labeled plasma proteit 
preparation. 
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Radioactive Materials—Fe® was obtained from the Isotopes Division, 
United States Atomic Energy Commission, Oak Ridge, Tennessee. The 
target material was enriched Fe**. The preparation was 99 per cent 
radiochemically pure exclusive of Fe®*’, which represented less than 10 per 
cent of the activity. Radioiron solution for injection contained 10 y of 
iron With an activity of 3.84 & 10° ¢.p.m. per ml. in isotonic saline. The 
acetate solution for injection contained 1 mg. of sodium acetate-2-C™ with 
an activity of 2 & 10° ¢.p.m. per ml. in isotonic saline. 


~ 


lO Plasma 
Time in Days 


Fic. 1. Uptake of C' of methyl-labeled acetate by proteins of normal guinea 
pigs. Labeled acetate was administered intraperitoneally in doses of 1.0 mg. of 
sodium acetate (2 X 10° ¢.p.m.) per kilo on 5 successive days. 
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Doses of 1 mg. of the labeled sodium acetate per kilo were administered 
on 5 successive days. Radioiron was administered in a single dose of 20 y 
of iron, with an activity of 7.68 * 10° ¢.p.m., per kilo. The results are 
expressed as counts per minute of C' per mg. of protein and counts per 
minute of Fe* per microgram Fe.? 


RESULTS AND DISCUSSION 


Uptake of C'* of Methyl-Labeled Acetate and Radioiron in Normal Guinea 
Pigs—In Fig. 1 are shown the curves of specific activities against time of 
five iron-containing proteins of normal guinea pigs given methyl-labeled 
acetate. Not included in Fig. 1 are the data for bone marrow protein, 


* Fe* is used to designate radioiron. 
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which was nearly identical in specific activity to plasma. Of the proteins 
isolated, plasma and marrow were the first to reach a peak of specific ae. 
tivity. Hemoglobin, myoglobin, cytochrome c, and ferritin reached their 
maximum specific activity between the 10th and 15th days. Peak uptake 
of C'* was greatest in ferritin, followed, in decreasing order, by plasma, 
marrow, hemoglobin, myoglobin, and cytochrome. The rates of decrease 


on 
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Time in Days 


Fic. 2. Uptake of radioiron by proteins of normal guinea pigs. Radioiron was 


administered in a single intraperitoneal dose of 20 y of Fe (7.68 X 105 c.p.m.) per kilo. 


of specific activity of hemoglobin and myoglobin were strikingly similar. | 


That liver ferritin is a relatively labile protein was demonstrated by its 
rapid turnover of C"™. 

The uptake of radioiron in proteins of normal guinea pigs is shown in 
Fig. 2. Maxima of specific activity in marrow, ferritin, and plasma o0c- 
curred before the 9th day. Maximum incorporation of iron in hemoglobin 
and myoglobin was attained at 20 days. The specifie activity of marrow 
iron initially exceeded that of the other proteins and approximated that 
of hemoglobin iron after the 20th day. That the specific activity of fer- 
ritin iron was lower than that of marrow iron indicated that the injected 
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dose was preferentially deposited in marrow. Of the heme proteins, 
hemoglobin was most active in incorporating iron, followed by myoglobin 
and cytochrome, the iron metabolism of the latter being very sluggish 
indeed. 

In a recent study of the distribution of radioiron in normal guinea pigs 
by Theorell and coworkers (7), the specific activity of iron of liver fer- 
ritin, red blood cells, and cytochrome c varied with time in a pattern 
qualitatively similar to our results. However, they found insignificant 
specific activity of myoglobin iron before the 30th day in myoglobin frac- 
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Time in Days 
Fic. 3. Disappearance of C'* and radioiron from hemoglobin and myoglobin of 
normal guinea pigs. 


tionated with (NH,)2SO, and corrected for hemoglobin contamination. It 
was our experience with this method and comparable muscle samples, but 
with Fe of higher specific activity, that the correction for specific activity 
of hemoglobin was unfavorably high in the precipitates at 70 to 90 per 
cent saturated (NH,4)2SO,4 and that the small yields of myoglobin in frac- 
tions at higher salt concentration gave counting rates of low accuracy. 
Our finding of significant specific activity of myoglobin iron in 7 days ap- 
pears to result from our use of iron of higher specific activity and prepara- 
tion of myoglobin which was free of measurable hemoglobin. 

Comparison of the data of Figs. 1 and 2 shows that the turnover rates 
of C and Fe* in plasma protein, bone marrow, and ferritin were greater 
than in the heme proteins. 

Semilog plots of the specific activity of C4 and radioiron of hemoglobin 
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and myoglobin against time are shown in Fig. 3 for normal animals saeri- 
ficed over a period of 7 to 62 days. It should be emphasized that these 
data cannot be used to determine the biological life of the proteins be- 
cause the activity was not rapidly introduced into the proteins and because 
iron may be reutilized in heme synthesis. However, several valid com- 
parisons may be made. It is apparent that the maximum in specific ae- 
tivity of C' in the two proteins occurred before the maximum in iron, 


\ o--o Ferritin (Fer) 
\ Morrow (Mar) 


O 


oO 

“a 


Specific Activity (cp.m/y Fe) 


° 
iow: Ne. ._.. Mor 
° ~ 
O l l 
lO 20 30 40 SO 
Time in Days 
Fia. 4, a 


Fic. 4, a AND b. Uptake of radioiron by proteins of cobalt-treated guinea pigs. 
The animals were given 0.5 mg. of cobalt on alternate days for 2 weeks. Radioiron 
was administered in a single intraperitoneal injection of 20 + of Fe (7.68 X 10° c.p.m.) 
per kilo on the day following the last cobalt injection. 


indicating that the heme or protein moieties may be synthesized as much 
as 5 days prior to the incorporation of iron into the molecules. 

The values of the half times of the disappearance of labeled carbon were 
approximately 30 days for hemoglobin and 34 days for myoglobin and, for 
labeled iron, the values were 33 days for hemoglobin and 38 days for myo- 
globin. Within the error of estimation, it can be concluded that hemo- 
globin iron and carbon labels disappeared at the same rate, which is con- 
sistent with our knowledge of the destruction and renewal of hemoglobin. 
These data also indicate that myoglobin metabolism followed a similar 
pattern and that the rates of turnover of hemoglobin and myoglobin were 


approximately the same. 
Uptake of Radioiron in Guinea Pigs Treated with Cobalt—For investiga- 
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tion of the effect of cobalt on the uptake of iron in iron-containing proteins, 
male guinea pigs were given 0.5 mg. of cobalt as cobalt acetate in isotonic 
solution on alternate days for 2 weeks. On the day following the last 
injection of cobalt, radioiron was administered. Hematocrit values of 
48 to 50 per cent and hemoglobin values of 16 to 18 gm. per 100 ml. of 
blood at the end of cobalt treatment declined rapidly to normal values of 
40 to 44 per cent and 12 to 14 gm. respectively. Data for the uptake of 
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iron during recovery from cobalt stimulation of hematopoiesis are shown 
in Fig. 4, a and b. 

Although the blood picture of the cobalt-treated animals did not differ 
significantly from normal at the time of sacrifice, the uptake of iron by the 
proteins studied showed marked changes from that of the normal animals. 
Increased activity of iron transport by plasma was indicated by specific 
activity values 2 to 3 times normal. Instead of reaching a maximum at 20 
days, as in the normal animal, the specific activity of hemoglobin iron 
continued to increase over the entire experimental period. The depressed 
utilization of iron for hemoglobin synthesis was reflected by a maximum 
specific activity of marrow iron equivalent to one-third the normal value 
and a decreased turnover rate of marrow iron during the first 20 days. 
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That the specific activity of ferritin iron was higher than normal and ex. 
ceeded that of marrow iron was indicative of increased storage of iron jn 
the cobalt-treated group. The specific activity of myoglobin iron ap. 
proximated the normal maximum value, but remained nearly constant, 
while normal values declined after 20 days. The uptake of iron by cyto- 
chrome was significantly increased in the cobalt-stimulated animals. 
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Fic. 5. Uptake of radioiron by proteins of bled guinea pigs. 30 per cent of the 


blood volume was withdrawn by heart puncture. 3 days later, radioiron was ad- 
ministered in a single intraperitoneal dose of 20 y of Fe (7.68 & 10° ¢.p.m.) per kilo. 


Uptake of Radiotron in Guinea Pigs after Hemorrhage—Male guinea pigs 


were anesthetized with ether and 30 per cent of the blood, calculated from | 


a blood volume equivalent to 5 per cent of body weight, was withdrawn by 
heart puncture. 3 days later, radioiron was administered intraperitone- 
ally. Normal values for the hematocrits of these animals at sacrifice 
showed a rapid recovery from hemorrhage. The hemoglobin levels o 
9.0 to 12.5 gm. were lower than the normal values of 12.0 to 14.0 gm. per 
100 ml. of blood. Curves of the specific activity values of iron of the 
proteins at the time of sacrifice are shown in Fig. 5. 


In the animals recovering from anemia of hemorrhage, the specific ac | 
tivity of plasma iron increased rapidly and was nearly twice the normal | 
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value throughout the experimental period. The plasma iron concentra- 
tion was 50 per cent above normal. The elevated specific activity and 
concentration of plasma iron indicated an increase of iron transport by 
plasma in response to bleeding. In the hemorrhagic animals the specific 
activity of hemoglobin iron increased rapidly during the first 10 days and 
thereafter increased at a slower rate throughout the experimental period. 
It attained only half the normal maximum value at the 15th day. A 
compensatory shift of unlabeled storage iron from ferritin to bone marrow 
after bleeding and prior to radioiron administration was indicated by the 
values of specific activity of iron in these proteins. During the first 15 
days, the specific activity of ferritin iron was only slightly less than normal 
and that of marrow iron was one-third of normal, in contrast to decreased 
iron storage in ferritin and increased uptake of iron in bone marrow ex- 
pected in chronically iron-deficient animals, unsupplemented with iron. 
The turnover rate of marrow iron was greater than normal after the 20th 
day. Whereas in the normal animal the specific activity of myoglobin 
reached a maximum at 20 days and declined thereafter, in the bled animals 
the value increased throughout the period of 50 days. The rates of up- 
take of iron by hemoglobin and myoglobin were nearly equal and sug- 
gested that the stimulus of blood loss had a similar effect on iron metabo- 
lism of both of these proteins. The specific activity of cytochrome iron of 
the bled animals was significantly higher than in normal animals. Hemor- 
rhage appeared to stimulate the turnover of iron in this pigment. 


SUMMARY 


A comparative study has been made of the uptake of intraperitoneally 
administered C!* of methyl-labeled acetate and radioiron by hemoglobin, 
plasma protein, myoglobin, liver ferritin, cytochrome c, and bone marrow 
of guinea pigs. In normal animals the uptake of C'™ per gm. of protein 
was greatest in ferritin, followed by plasma, marrow, hemoglobin, myo- 
globin, and cytochrome. Incorporation of iron per gm. of protein was 
greatest in marrow, followed by plasma, ferritin, hemoglobin, myoglobin, 
and cytochrome. Turnover rates of C!* and iron in ferritin, plasma, and 
marrow were greater than in the heme proteins. The lability of liver 
ferritin was indicated by its rapid turnover of C4. The half times of the 
disappearance of C!* and radioiron of hemoglobin and myoglobin were 
approximately the same. Treatment of guinea pigs with polycythemic 
doses of cobalt increased the uptake of iron by plasma and ferritin. Dur- 
ing recovery from polycythemia, the uptake of iron by hemoglobin and 
marrow was depressed. In the posthemorrhagic state, radioiron was in- 
corporated into hemoglobin and myoglobin at similar rates. The uptake 
of iron by cytochrome was increased and the turnover of marrow iron was 
accelerated in bled animals. 
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SEPARATION AND QUANTITATIVE DETERMINATION OF 
PROGESTERONE AND PREGNENOLONE* 


By HANS REICH, SYLVESTER J. SANFILIPPO, 
AND KEITH F. CRANE 


(From the Department of Biological Chemistry, University of Utah College of 
Medicine, Salt Lake City, Utah) 


(Received for publication, April 7, 1952) 


In the course of experiments on the enzymatic transformation of steroids 
we were confronted with the problem of determining quantitatively small 
amounts of progesterone and pregnenolone (A*-pregnene-38-ol-20-one ). 
While progesterone can be easily estimated by its absorption maximum at 
240 mu, no spectrophotometric method has been known thus far for the 
determination of steroids with a ketone group not conjugated with a 
double bond. 

In a search for suitable derivatives of pregnenolone the semicarbazone 
(1) was investigated first. It showed a maximum at 228 my which was 
rather unsatisfactory because many impurities were found to absorb 
ultraviolet light in the same region. Similar difficulties were encountered 
with the acethydrazone which exhibits maximum absorption at 235 mu. 
Moreover, acethydrazide showed signs of decomposition when kept at 
room temperature, and the products interfered strongly with this maxi- 
mum. Benzhydrazide proved to be more stable than acethydrazide, but 
it displayed maximum absorption at 225 my, which interfered with the 
maximum of pregnenolone benzhydrazone at 260 my. Removal of the 
excess benzhydrazide by distribution of the reaction mixture bet ween water 
and ether gave unsatisfactory results. 

Pregnenolone dinitrophenylhydrazone is known to have an absorption 
maximum at 368 muy in chloroform (2), while 2,4-dinitrophenylhydrazine 
shows a maximum at 343.5 my (3). Mixtures of both substances gave 
maxima between the two values. Separation by chromatography on alu- 
mina was incomplete. It was found possible, however, to remove the 
excess dinitrophenylhydrazine by oxidizing it with either Fehling’s solu- 
tion or Benedict’s reagent. The reaction product was m-dinitrobenzene 
which was identified by melting point and mixed melting point. This 
compound does not show any significant absorption between 330 and 400 
mu. Moreover, it can be removed easily by chromatography, since it 


* This work was supported in part by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, from 
the American Cancer Society upon recommendation of the Committee on Growth of 
the National Research Council, and from Armour and Company, Chicago, Illinois. 
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is eluted from an aluminum oxide column much earlier than pregnenolone 
dinitrophenylhydrazone. After destruction of the excess dinitrophenyl- 
hydrazine, quantities as small as 5 to 10 y of pregnenolone or progesterone 
can be determined spectrophotometrically in the form of their dinitro- 
phenylhydrazones. 

On chromatography with aluminum oxide progesterone bisdinitrophen- 
ylhydrazone is eluted with benzene, and pregnenolone dinitrophenylhydra- 
zone with mixtures of benzene and chloroform. When the mixture of both 
dinitrophenylhydrazones is acetylated, the pregnenolone acetate dinitro- 
phenylhydrazone is eluted first. 


EXPERIMENTAL! 


Preparation of Standards—The dinitrophenylhydrazones of pregnenolone’ 
and progesterone were prepared by dissolving known amounts of the free 
steroid in a minimum of absolute ethanol. Sufficient amounts of a solu- 
tion containing 25 mg. of dinitrophenylhydrazine and 6 drops of con- 
centrated HC] in 3 ml. of absolute ethanol were added to give an excess of 
dinitrophenylhydrazine. The mixtures were allowed to stand at room 
temperature overnight. The precipitates were filtered, washed with eth- 
anol, dried, and purified by chromatography on aluminum oxide (Merck). 
Progesterone bisdinitrophenylhydrazone was eluted with benzene and preg- 
nenolone dinitrophenylhydrazone with benzene-chloroform 4:1. After re- 
crystallization from absolute ethanol, progesterone bisdinitrophenylhydra- 
zone melted at 280—-281° (4), pregnenolone dinitrophenylhydrazone at 
253-254°. A convenient concentration for spectrophotometric measure- 
ment is 1 mg. of derivative per 100 ml. of chloroform. 

Commercial samples of progesterone have been found to be contaminated 
with 4 to 5 per cent pregnenolone. This can be measured by collecting 
the pregnenolone dinitrophenylhydrazone band when chromatographing 
the progesterone bisdinitrophenylhydrazone for the standard solutions. 
In preparing known mixtures of the steroids this contamination must be 
considered. 

Reagenits— 

Dinitrophenylhydrazine solution. 125 mg. of dinitrophenylhydrazine 
(highest purity) are dissolved in a mixture of 15 ml. of absolute ethanol 
and 0.4 ml. of concentrated HCl by gentle heating. 

Benedict’s reagent. The standard reagent used for the qualitative 
analysis of sugar in urine (5). 


1 All melting points were taken on a Kofler micro hot stage and are corrected. 
The ultraviolet measurements were carried out on a Beckman spectrophotometer, 
model DU, or on the Cary recording spectrophotometer. 

2 This material was kindly supplied by the Schering Corporation, Bloomfield, New 


Jersey. 


a 
4 
> 
4 
1 
é 4 
4 
‘ 
4 


lone 
enyl- 
Tone 
itro- 


hen- 
‘dra- 
both 
itro- 


H. REICH, S. J. SANFILIPPO, AND K. F. CRANE 715 


Procedure for 5 y to 1 Mg. of Steroid—The sample to be analyzed is evapo- 
rated to dryness in a small glass-stoppered test-tube and dissolved in 0.1 
to 0.2 ml. of absolute ethanol. After addition of 0.3 ml. of dinitrophenyl- 
hydrazine solution, the mixture is kept at room temperature overnight. 
Then 0.4 ml. of Benedict’s reagent and 0.4 ml. of water are added and 
heated for 10 minutes in a bath at 95°. The suspension is transferred to 
a small separatory funnel, the test-tube being rinsed with a small amount 
of water, and extracted with about 5 ml. of chloroform. The chloroform 
layer is separated, washed in a second funnel with 0.5 volume of water, 
and dried with anhydrous sodium sulfate. A second portion of 5 ml. of 
chloroform is passed through the two aqueous solutions, dried with the 
same sodium sulfate, and combined with the first portion. The sodium 
sulfate should be washed with additional small amounts of chloroform 
until completely colorless. The combined chloroform solutions are evapo- 
rated to dryness. 

The residue is dissolved in 5 to 20 ml. of hexane-benzene 1:1, depending 
on the amounts of dinitrophenylhydrazones present as indicated by the 
intensity of the color of the previous chloroform solution. The solution 
is chromatographed on aluminum oxide. If the amount expected is 5 to 
200 7, 300 to 400 mg. of the adsorbent are used in a column of 4 mm. 
inside diameter. For 0.2 to 1.0 mg., a column of 10 mm. inside diameter 
containing 3 gm. of aluminum oxide is used. The small column is washed 
with a minimum of four 5 ml. portions of benzene, while for the large col- 
umn 20 ml. portions are suitable. If the last fraction is still yellow, the 
elution with benzene is continued until two colorless fractions are ob- 
tained. The eluting mixture is now changed to benzene-chloroform 9:1, 
and a series of at least four fractions, 5 or 20 ml. respectively, is passed 
through the column. Again, if the last fraction is colored, the elution 
is continued until two colorless portions are obtained. In the event that 
the band moving with this solution mixture is intense, it has been found 
convenient to use benzene-chloroform 4:1 for a more rapid and complete 
elution. The individual fractions are now evaporated to dryness. 

All residues from the benzene fractions are combined with chloroform 
and made up to a known volume, depending on the amount of color present. 
If the color is very weak, or less than 15 y of steroid is expected, the residue 
is dissolved in a volume less than 3 ml. This solution is then compared 
spectrophotometrically with the progesterone bisdinitrophenylhydrazone 
standard solution, microcells being used if the volumes are small. In the 
same way the benzene-chloroform fractions are combined and diluted to 
a known volume for spectrophotometric measurement. This is compared 
with the standard solution of pregnenolone dinitrophenylhydrazone. The 
results of some typical experiments on known mixtures are summarized 
in Table I. 
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It has been found that pregnenolone is converted to progesterone (6) 
and possibly other more oxygenated steroids by adrenal homogenates, 
Samples from such an experiment were analyzed by the present method, 
Table IT gives the values found in a boiled control containing progesterone 
and in an incubated sample. 


TABLE 
Kecovery of Pregnenolone and Progesterone 1 in n For m ) of Their Dinitrophenyth ydrazones 


Amount of steroid used Amount of steroid recovered 
Amount of 
Pregnenolone Progesterone Pregnenolone Progesterone Pregnenolone Progesterone 
Y | me. per cent per cenl 
592 542 12.5 630 530 106 O8 
166 «149 2.5 162 155 | 98 104 
255 : 59.8 2.5 240 63.4 94 106 
19.7 18.1 1.25 23.2 19.7 11S 109 
19.7 18.1 1.25 21.4 18.S 109 104 
9.85 | 9.05 1.25 11.8 10.2 120 112 
4.92 | 4.53 1 


.25 5.92 5.00 120 110 


* DNP = dinitrophenylhydrazine. 


TaBLe II 
Comparison of Results after Incubation of Pregnenolone with Adrenal Homogenate 


The values are measured in micromoles. 


Pregnenol- Progester- ae rogester- segneno 
Treatment It let ounted for 
one added one added “ absorp- | DN DNP’? DN 
tion* | | | 
Boiled immediately........... | O 1.00 0.96 0.99 0 «0.01 
Incubated 1 hr. at 37°. ....... 0.33 0.35 0.54 | 0.11f 


“Measured absorption band at 240 mu. 
+t DNP’ = dinitrophenylhydrazone. 
t Includes error of estimation and products of further metabolism. 


DISC USSION 


In studies of steroid metabolism there is a great need for analytical 
methods which are both sensitive and specific. Infra-red methods fulfil the 
latter criterion but cannot be used for quantitative estimation of a few 
micrograms of steroid. Compounds with conjugated double bond systems 
absorb strongly in the far ultraviolet, but this is the region in which the 
sensitiveness of laboratory spectrophotometers is decreased and where 4 


nes 
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number of possible contaminants also begin to show absorption. Neither 
of the direct methods of spectrophotometry completely meets the require- 
ments. 

The dinitrophenylhydrazones have an intense absorption in a region of 
the spectrum where, with the mild reagents necessary, there is little trouble 
from background color. Although all keto groups of the steroid mole- 
cule except that in the 11 position react with dinitrophenylhydrazine, the 
dinitrophenylhydrazones can be used for spectrophotometric measure- 
ments, since they can be generally separated well by chromatography. 
The yellow color produced by even 5 vy of steroid can be easily observed 
moving down the column and in the eluate. Consequently, as shown here 
for pregnenolone and progesterone, small amounts of different steroid 
ketones can be estimated in the same sample. This method considerably 
increases the number of steroid compounds which can be determined in 
microgram quantities. 

Phenylhydrazine is known to be oxidized by Fehling’s solution to give 
benzene and nitrogen. ‘To our knowledge the same reaction for 2 ,4-dini- 
trophenylhydrazine has not been previously described. The results of the 
present study indicate that it follows the same course as that with phen- 
ylhydrazine. Phenylhydrazones are supposed to be stable to treatment 
with Fehling’s solution, but reports concerning this reaction are contra- 
dictory (7). We have found pregnenolone phenylhydrazone to be so un- 
stable to alkali that it could not be chromatographed on alkaline alumi- 
num oxide. Consequently, it also was destroyed by Fehling’s solution and 
gave a brown oil which turned purple when exposed to air. The dinitro- 
phenylhydrazones of pregnenolone, progesterone, and many other steroid 
ketones as well as those of acetone and cyclohexanone, however, were 
not attacked by hot Fehling’s solution. In order to avoid any compli- 
cation and for practical reasons, Benedict’s reagent was used in preference, 
since it is less alkaline than Fehling’s solution. Contrary to the dinitro- 
phenylhydrazones of ketones the corresponding derivatives of formalde- 
hyde and acetaldehyde were completely destroyed by treatment with 
Benedict’s reagent. Any error due to such contaminating aldehydes is 
thus eliminated by treatment with alkaline copper reagents. 


Preparation of New Derwatives* 


Pregnenolone Acethydrazone—A mixture of 50 mg. of pregnenolone and 
45 mg. of acethydrazide was dissolved in 1.5 ml. of methanol, and 0.03 
ml. of glacial acetic acid was added. After standing overnight at room 


* The microanalyses were carried out by Dr. Weiler and Dr. Strauss, Oxford, Eng- 
land. The infra-red spectra were taken on a Beckman spectrophotometer, model 
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temperature, the clear solution was diluted with water and the precipitate 
was filtered, washed with water, and dried. Chromatography on aluni- 
num oxide yielded 3 mg. of impure pregnenolone and 58 mg. of the acet- 
hydrazone. After the latter was recrystallized from dilute methanol, 
it melted at 220—-225°; ultraviolet maximum at 235 my (ethanol); infra-red 
bands at 2.72 and 5.97 uw (CS,). 


Co3H36O2N2. Calculated, N 7.52; found, N 7.40 


Progesterone Bisacethydrazone—A solution of 50 mg. of progesterone in 
1 ml. of methanol was mixed with a solution of 60 mg. of acethydrazide in 
1 ml. of methanol and 0.04 ml. of glacial acetic acid. The mixture was 
allowed to stand at room temperature overnight. After addition of water, 
the precipitate was filtered, washed with water, dried, and chromato- 
graphed on 1.8 gm. of aluminum oxide. The bisacethydrazone was eluted 
with benzene-ethanol 9:1 and recrystallized from dilute ethanol; m.p. 
205-210°; maxima at 242 and 275 my (ethanol); infra-red band at 5.96 4 
(CS8,). 


C2sH302N,. Calculated. C 70.39, H 8.98, N 13.14 
Found. “ 69.98, “ 9.07, “ 13.13 


Pregnenolone Benzhydrazone—A solution of 50 mg. of pregnenolone and 
80 mg. of benzhydrazide in 1.5 ml. of methanol and 0.03 ml. of glacial 
acetic acid was kept at room temperature overnight. After addition of 
water, the precipitate was filtered, washed with water, dried, and chromato- 
graphed on 3.5 gm. of aluminum oxide. The benzhydrazone came from 
the column with benzene-chloroform 1:1 and 2:3 and was recrystallized 
from absolute ethanol. The crystals melted at 203° and after solidifica- 
tion at 213—-219°; maxima at 260 my and approximately 220 my (ethanol). 


CesH302N2. Calculated, N 6.45; found, N 6.55 


Benzhydrazide (m.p. 113.5-115°) showed a maximum at 225 my. A 
mixture of benzhydrazide and pregnenolone benzhydrazone displayed 4 
peak at 225 my and only an inflection at 260 mu. 

Pregnenolone Acetate Dinitrophenylhydrazone—To a solution of 32 mg. 
of pregnenolone dinitrophenylhydrazone in 1 ml. of pyridine there was 
added 0.5 ml. of acetic anhydride. After standing overnight at room 
temperature and addition of water, the precipitate was filtered, washed 
with water, dried, and chromatographed on 3 gm. of aluminum oxide. The 
pregnenolone acetate dinitrophenylhydrazone was eluted with hexane- 
benzene 2:3 and recrystallized from benzene-pentane 1:9 and from chloro- 
form-ethanol. Golden yellow plates were obtained; m.p. 212—216°; maxi- 
mum at 368 my (chloroform); infra-red bands at 5.72 and 8.05 uw (CS,). 


4. Calculated. C 64.66, H 7.11 
Found. “ 64.52, “ 7.12 
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When a mixture of pregnenolone dinitrophenylhydrazone and _ proges- 
terone bisdinitrophenylhydrazone was acetylated as described above and 
chromatographed on aluminum oxide, pregnenolone acetate dinitrophenyl- 
hydrazone was eluted with hexane-benzene 2:3 and progesterone bisdi- 
nitrophenylhydrazone with benzene. 


SUMMARY 


A method has been developed for the separation and quantitative deter- 
mination of small amounts of progesterone and pregnenolone in mixtures 
of the two. The dinitrophenylhydrazones are formed and separated by 
chromatography on aluminum oxide. The amounts of each can then be 
estimated by spectrophotometry. ‘The method has been applied to quan- 
tities as small as 5 y. 

The procedure can be used for the separation and estimation of a num- 
ber of other steroid ketones. 


We gratefully acknowledge the technical assistance of Miss Mary L. 
Helmreich in the preparation of ultraviolet spectra. 
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GLUTATHIONE, A PROSTHETIC GROUP OF GLYCERALDE- 
HYDE-3-PHOSPHATE DEHYDROGENASE* 


By I. KRIMSKYf ann E. RACKERT 


(From the Department of Microbiology, New York University College of Medicine, 
New York, New York) 


(Received for publication, April 28, 1952) 


It has been reported that glycolysis in mouse brain homogenates is in- 
hibited by ferrous sulfate (1). It was shown that the inhibition is due to 
an iron-activated factor (IF) in brain and is localized at the stage of triose 
phosphate oxidation. Later, it was found that glyceraldehyde-3-phosphate 
dehydrogenase, the triose phosphate-oxidizing enzyme, could be pro- 
tected by the addition of small amounts of glutathione (2). Further stud- 
ies which will be presented in this paper revealed that glyceraldehyde-3- 
phosphate dehydrogenase contains glutathione as a prosthetic group. The 
evidence available indicates that inhibition of glycolysis by ferrous sulfate 
is due to inactivation of the glutathione of glyceraldehyde-3-phosphate 
dehydrogenase. 

Protection and Restoration of Glycolysis by Glutathione-—Glutathione, as 
well as esters and amides of some amino acids, protects glycolysis against 
the iron-activated IF in brain. Once IF has been permitted to act, addi- 
tion of the amino acid esters or amides has no effect (2). It has now been 
found that glutathione in addition to its protective action is capable of 
restoring glycolysis. ‘This is demonstrated in Fig. 1. It was found that 
other SH compounds, such as cysteine and thioglycolic acid, were also 
capable of reactivating the enzyme when used in high concentrations, but, 
unlike glutathione, they had no protective action against IF when used in 
low concentrations. This difference in the behavior of the sulfhydryl 
compounds suggested that glutathione has a more specific relationship to 
glyceraldehyde-3-phosphate dehydrogenase than the other SH compounds. 
It was therefore postulated that glutathione or a closely related compound 
is a prosthetic group of glyceraldehyde-3-phosphate dehydrogenase and 
that IF inactivates the bound prosthetic group. Since proteolytic en- 
zymes were shown to act in a manner similar to IF (2) and amino acid de- 
rivatives protected the dehydrogenase, a proteolytic cleavage of the pros- 
thetic group was considered the most likely mechanism to account for these 
observations. It was therefore assumed that the prosthetic sufhydryl com- 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
t Present address, Department of Physiological Chemistry, Yale University 
School of Medicine, New Haven, Connecticut. 
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ponent or a portion of it is split off from the dehydrogenase and is diluted 
to such an extent that it loses its activating property. The effect of gluta- 


200 
180 
160 
140 
ff * e/ 
2//& 
120 S// = 
Zz 
E100 ° 
~J W 
© 
© 80 
60 
40 
Fett 
20 
0) 
0 10 30 40 50 60 
MINUTES 


Fic. 1. The following additions were made to the side arms of Warburg flasks: 
0.15 ml. of a 20 per cent mouse brain homogenate and 24 um of glucose; 9 ue of gluta- 
thione to Vessels 1 and 2; 5 vy of ferrous sulfate (7H.O) to Vessels 2, 3, and 4. The 
final volume in the side arm was 0.4 ml. Into the main compartment of all vessels 
were added 5 um of potassium phosphate, pH 7.5, 1 um of adenosinetriphosphate, 32 
um of KHCO,, 3.5 um of MgCle, 1 um of DPN, and 4 mg. of nicotinamide; 9 uo of 
glutathione in Vessel 3; the final volume in the main compartment was 1.6 ml. The 
vessels were gassed with nitrogen containing 5 per cent CO2 and incubated ina War- 
burg apparatus at 39° for 20 minutes. Then the contents of the compartments were 
mixed and acid production measured manometrically. 


thione concentration on restoring dehydrogenase activity in the brain 
homogenate was therefore investigated. It was found that, under the 
conditions employed, about half of maximal reactivation was obtained at a 
concentration of 5 X 10-*m glutathione. Since blocking of two SH groups 


oe 
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of the dehydrogenase by p-chloromercuribenzoate' is sufficient to inhibit 
dehydrogenase activity, the release of these functional sulfhydryl groups 
from the enzyme molecule would result in a negligible concentration of SH 
insolution. From the above data it can be stated that the efficiency of the 
bound SH compound is about 1000 times as great as that of the added SH 
compound. 

Mechanism of Inactivation of Glyceraldehyde-3-phosphate Dehydrogenase— 
Preliminary experiments to demonstrate the release of glutathione from 
glyceraldehyde dehydrogenase after exposure to IF failed. However, con- 
trol experiments revealed that added glutathione disappeared in this 
system. The disappearance of glutathione in freshly prepared mouse 
brain homogenates was accelerated by ferrous sulfate and prevented by 


TABLE | 
Effect of Ferrous Sulfate and N-Phenylglycine Ethyl Ester on Glutathione 
Destruction by Mouse Brain Homogenate 
0.6 ml. of a 20 per cent brain homogenate in 0.01 m potassium phosphate buffer, 
pH 7.4, was incubated with 40 y of reduced glutathione in a final volume of 2.4 ml. 
After 25 minutes incubation at 38° the supernatant solution was analyzed for glu- 
tathione. 


Additions to brain homogenate Per a.” of 
40 + 10 mg. phenylglycine ethyl ester. ... 12 


phenylglycine ethyl ester (Table I). Thus the inactivation of glutathione 
in the presence of these compounds paralleled the inhibition of glycolysis. 
The determinations of glutathione were carried out by the glyoxalase test 
in the presence of cysteine (3). Since both oxidized and reduced gluta- 
thione are determined by this assay, a simple oxidation of glutathione by 
the brain homogenate cannot account for the inactivation. 

Nature of Prosthetic Group of Glyceraldehyde-3-phosphate Dehydrogenase 
—Several gm. of recrystallized glyceraldehyde-3-phosphate dehydrogenase 
were prepared from rabbit muscle by the elegant isolation procedure of 
Cori et al. (4). Experiments on a smaller scale were carried out with the 
purified glyceraldehyde-3-phosphate dehydrogenase obtained from yeast 
(5). It was found that by incubating the yeast or muscle enzyme at 37° in 
0.5 N sulfuric acid a compound was released which served as coenzyme in 
the glyoxalase test and gave an Ry on paper chromatograms, with phenol 
as solvent, corresponding to that of reduced glutathione. However, this 


1§. F. Velick, personal communication. 
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and similar procedures for releasing the SH compound gave erratic results, 
and more drastic methods, such as boiling for 20 minutes in 1 N HCl, were 
attempted. ‘These experiments are mentioned because much higher yields 
of nitroprusside-reactive material were obtained. However, most of it 
was not glutathione; furthermore, inhibitors of glyoxalase as well as several 
ninhydrin-reactive substances were liberated. Another procedure for re- 
leasing glutathione from the dehydrogenase was then adopted.? The en- 
zyme solution was dialyzed for 24 hours against several changes of distilled 
water adjusted with ammonia to pH 8.0. After dilution to contain 5 mg. 
of protein per ml. the solution was immersed in a boiling water bath for 5 
minutes. The denatured protein was filtered off and the filtrate lyophil- 
ized. On chromatograms this material gave ninhydrin-reactive material 
which corresponded either to oxidized glutathione (Ry of 0.22 in phenol) 
or to reduced glutathione (R»- of 0.5). When the removal of the denatured 
protein was effectively carried out, no other ninhydrin-reactive substance 
was detectable. Occasionally a single preparation gave spots correspond- 
ing to both oxidized and reduced glutathione. These variations are read- 
ily explained (a) by the fact that different enzyme preparations vary in 
their state of oxidation, as measured by the requirement. of cysteine for 
activity, and (b) by the oxidation of SH groups at alkaline pH, which was 
necessary for the effective removal of denatured protein. In some exper- 
ments glyceraldehyde-3-phosphate dehydrogenase isolated in the presence 
of Versene*® was used. For reasons which are still unexplained the yield of 
glutathione from these preparations was lower and not as reproducible as 
with the standard preparations. However, the glutathione released in 
some of these experiments was completely reduced. Since the yield was 
only about 0.1 to 0.3 mole of glutathione per mole of enzyme and was too 
small to permit isolation and satisfactory chemical analysis, several enzy- 
matic tests were used to identify the compound as glutathione. As shown 
in Table II, the compound isolated from 570 mg. of enzyme gave a positive 
nitroprusside test, an Ry corresponding to reduced glutathione, and after 
treatment with hydrogen peroxide an FR, corresponding to oxidized glu- 
tathione. In several enzymatic tests it reacted like glutathione. More- 
over, reasonable quantitative agreement was obtained with these micro- 
methods. In the nitroglycerin reductase test of Heppel and Hilmoe (6) 
cysteine reacts non-enzymatically to reduce nitroglycerin, and controls 
were therefore carried out without enzyme. In the glyoxalase test it is 
also essential to run controls in the absence of the enzyme, since non- 


? We are indebted to Dr. S. F. Velick for communicating to us this method, which 
originally was used to release diphosphopyridine nucleotide from the enzyme. Dr. 
Velick informed us that he had confirmed our findings of a compound released from 
the enzyme, which behaves in paper chromatograms like glutathione. 

’ Ethylenediaminetetraacetic acid tetrasodium salt. 
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specific reactions with methylglyoxal are known to occur. These control 
tests were found to be negative. Glutathione reductase, which catalyzes 
the reduction of oxidized glutathione in the presence of alcohol, alcohol 
dehydrogenase, and diphosphopyridine nucleotide (DPN), was purified 
from bakers’ yeast extracts and used in the above experiment. This 
enzyme is similar to enzymes previously described which have been found 
to be inactive with all SS compounds except oxidized glutathione (7). 

These tests showed that glutathione can be released by heat denaturation 
of the enzyme. However, the yields were small, on the average about 0.2 
mole of glutathione per mole of enzyme. Moreover, when known amounts 
of glutathione were added to the enzyme, less than 20 per cent was re- 
covered following the heat treatment. 


TaBLeE II 
Properties of SH Compound Liberated from Glyceraldehyde-3-phosphate 
Dehydrogenase 
Glutathione equivalents 

Nitroprusside test. 120 
Glyoxalase test (without cy ysteine) 120 
Nitroglycerin reductase... 
Glutathione reductase test (after HO. treat mont of sam- 

B, in phenol... 0.49* 


Reduced ‘glutathione, Ry, 0. 
t Oxidized glutathione, R», 0.22. 


Considerably larger amounts of glutathione were released along with 
other breakdown products by treatment of the enzyme with crystalline 
trypsm. After exposing about 10 mg. of the dehydrogenase to 1.0 mg. of 
trypsin for 90 minutes at 37° in 0.02 m succinate-borate buffer at pH 8.0, 
the liberated glutathione was oxidized with a slight excess of hydrogen 
peroxide and tested by the glutathione reductase test. In four such ex- 
periments the yield of glutathione was between 1 and 2 moles of SH com- 
pound per mole of enzyme. Large excesses of glutathione reductase were 
used in these tests to counteract the inhibitory effect of residual trypsin 
activity. In view of these results it is very probable that the enzyme con- 
tains at least 2 moles of glutathione per mole of protein. 

Isolation of C4-Labeled Dehydrogenase and C'4-Labeled Glutathione—-From 
a rabbit which had been injected with NaHC"QOs, glutathione was isolated 
from the liver and glyceraldehyde-3-phosphate dehydrogenase from the 
muscle. The glutathione was found to contain 1.16 10% c.p.m. per uM. 
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53 per cent of these counts were recovered from the carboxyl group of the 
glutamic acid by decarboxylation with glutamic acid decarboxylase. 

94 mg. of the glyceraldehyde-3-phosphate dehydrogenase recrystallized 
three times were burned and the CO, collected and counted. The enzyme 
contained 1.02 * 10* ¢.p.m. per uM. Since these counts could have been 
in the protein portion of the enzyme or in bound DPN or in bound gluta- 
thione, the following experiment was carried out. Recrystallized dehydro- 
genase was treated with charcoal to remove DPN. The solution of en- 
zyme, containing a total of 125 mg., was diluted with water to contain 5 
mg. of protein per ml. and heated at 100°. The denatured protein was 
discarded and the filtrate was evaporated to dryness and taken up to 16 
ml. of H,O. This preparation contained 72 ¢c.p.m. per ml. To 1 ml. of 
this preparation 1 ml. of 1 N H2SO, and 5 mg. of non-labeled glutathione 
were added, and the glutathione was isolated as crystalline cuprous mer- 
captide. After the crystals were washed once with 0.5 Nn H2SO, and once 
with distilled water, they were suspended in H,O. A total of 24 c¢.p.m. 
was present in the isolated crystals. Although the counts obtained from 
the enzyme were very low, they received added significance from the fact 
that no radioactivity was found in the supernatant solution of the final 
enzyme crystals and no exchange was observed in the in vitro experiments 
described below. 

Nature of Bond between Glutathione and Glyceraldehyde-3-phosphate De- 
hydrogenase—In view of the above results and of the successful in vitro 
experiments carried out by Cori et al. (8) on the exchange of radioactive 
DPN with the nucleotide bound by glyceraldehyde-3-phosphate dehydro- 
genase, similar experiments were attempted with C'-labeled glutathione. 
However, no exchange could be detected after exposing the enzyme for 24 
hours at 2° to labeled glutathione. ‘Treatment of the enzyme with char- 
coal has been shown to remove bound DPN (9). This procedure was 
applied to dehydrogenase preparations isolated in the presence of Versene. 
Although charcoal is effective in removing the nucleotide as well as free 
glutathione, it left the enzyme fully reduced and glutathione was released 
by subsequent heat treatment. These experiments indicated that the 
nature of binding of glutathione by the enzyme is different from that of 
DPN. Because of the reactions with proteolytic enzymes and amino acid 
derivatives discussed previously, a heat-labile peptide or ester linkage 
suggests itself as the most likely possibility for the binding of this pros- 
thetic group. 


DISCUSSION 


The demonstration of glutathione associated with glyceraldehyde-3- 
phosphate dehydrogenase requires evidence which rules out the possibility 
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of contamination by unspecific adsorption, particularly since free gluta- 
thione is known to occur in high concentrations in some tissue extracts. 
Besides the rdle which glutathione plays in the mechanism of aldehyde 
oxidation by the enzyme, which will be demonstrated in the following 
paper, several points should be stressed. Glutathione was obtained from 
enzyme preparations which had been recrystallized four to five times and 
dialyzed extensively. Treatment with charcoal, which is effective in re- 
moving free glutathione from solutions, does not remove the prosthetic SH 
group from the enzyme. Most convincing perhaps are the negative ex- 
periments with C'4-labeled glutathione designed originally to demonstrate 
an exchange reaction. By repeated recrystallization and washing of the 
dehydrogenase, the radioactivity added as C-labeled glutathione was 
completely removed. Thus no exchange and no non-specific adsorption 
were obtained under these experimental conditions. This negative finding 
receives added significance in view of the experiment in vivo which showed 
CO, is incorporated into the prosthetic group of the enzyme. Attempts 
to achieve an in vitro exchange with labeled glutathione are being con- 
tinued. 


Methods 


The preparations of coenzymes and substrates and of actively glycolyzing 
homogenates were carried out as described previously (1, 2). Glutathione 
was obtained commercially (Schwarz Laboratories). 

Preparation of C'*-Labeled Glutathione—5 ml. of a solution of NaHCO; 
containing a total of 3 X 10° c.p.m. were injected intraperitoneally into a 
fasted rabbit.4 The animal was placed in a hood inside a cage which was 
well covered with paper to allow rebreathing of expired CO*. After 3 
hours a Nembutal solution was given intravenously and the rabbit was 
quickly bled. The liver was removed and glutathione isolated according 
to Waelsch and Rittenberg (10). About 85 mg. of free glutathione were 
obtained. The counts were carried out on dried samples in a windowless 
helium flow counter. Corrections to zero thickness were made according 
to Libby (11). 

Determination of C“ in Glyceraldehyde-3-phosphate Dehydrogenase—94 
mg. of the recrystallized enzyme were burned with Van Slyke-Folch reagent 
(12) and the CO, collected in an evacuated glass apparatus in 0.2 n KOH. 
Samples were counted as described above. 

Enzyme Preparations—Glyceraldehyde-3-phosphate dehydrogenase was 
prepared according to Cori et al. (4) and recrystallized several times. 
Usually enzyme recrystallized four to five times was used. 


‘We wish to thank Dr. S. Ochoa for the use of the NaHCO; as well as for the 
laboratory facilities to carry out this part of the work. 
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Reduced Glyceraldehyde-3-phosphate Dehydrogenase—The above prepara- 
tion showed marked activation by cysteine. Since it was necessary in 
some of the above studies to use enzyme which is fully active in the absence 
of added sulfhydryl compounds, two procedures have been adopted. (a) 
The enzyme was reduced with an excess of a sulfhydryl compound (that 
most successfully used was 0.02 m BAL) with subsequent removal of the 
reductant by dialysis against 0.001 Mm KCN. (6) The enzyme was isolated 
in the presence of 0.001 m KCN or 0.0016 Mm neutralized Versene, which 
were added at once to the muscle extract. The crystals were redissolved 
in 0.0016 m Versene and recrystallized. These preparations of the de- 
hydrogenase showed consistently higher specific activity in the absence 
of reducing agent than did the partially oxidized enzyme in the presence 
of cysteine or glutathione. 

For the separation of glutathione the enzyme solution was dialyzed 
against 200 volumes of 0.0016 mM neutralized Versene and then against 
200 volumes of distilled water. There was little or no loss of enzyme ac- 
tivity due to dialysis. 

Glyoxalases I and II were prepared as described (3). The preparation 
of glutathione reductase from bakers’ yeast will be described elsewhere. 
The nitroglycerin reductase was prepared from acetone-dried powder of 
pig liver according to Heppel and Hilmoe (6). We wish to thank Dr. 
Heppel for sending us active acetone-dried powder for this purpose. 

Determination of Glutathione with Glyoxalase—Acid production was fol- 
lowed manometrically in bicarbonate buffer (3). Methylglyoxal disappear- 
ance was also measured colorimetrically in some experiments. Between 
1 and 10 y of methylglyoxal were determined by incubating with 1 ml. of 
0.1 per cent 2,4-dinitrophenylhydrazine for 5 minutes. Then excess of 
KOH was added to bring to a volume of 6,ml. and a final concentration of 
2 nN KOH. The disappearance of methylglyoxal in the glyoxalase test 
was found to be proportional to the glutathione added, provided that cor- 
rections for disappearance of methylglyoxal in the absence of added gluta- 
thione were made. 

Determination of Oxidized Glutathione—Dilute samples of reduced gluta- 
thione were oxidized in 45 minutes by 0.06 per eent HsO.. 10 to 50 ¥ of 
oxidized glutathione were quantitatively reduced after 20 minutes at 37° 
in the presence of 100 y of alcohol dehydrogenase, 500 y of DPN, 2 per 
cent alcohol, 50 um of potassium phosphate buffer, pH 7.6, and 160 y of 
glutathione reductase in a final volume of 1 ml. At the end of this period 
the solutions were saturated with sodium chloride and glutathione was 
determined colorimetrically. 

Colorimetric Determination of Reduced Glutathione—The quantitative 
nitroprusside test was carried out essentially as described by Grunert and 
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Phillips (13). The samples were diluted with a saturated sodium chloride 
solution and cooled for 3 minutes in an ice bath. Each sample was trans- 
ferred to a colorimeter tube and readings were made 60 seconds after addi- 
tion of the reagents. 

Determination of Reduced Glutathione with Nitroglycerin Reductase—These 
experiments were carried out in the test system described by Heppel and 
Hilmoe (6). With purified enzyme, satisfactory proportionality between 
glutathione concentration and nitrite formation was obtained. We are 
indebted to Dr. Heppel for communicating this method to us prior to 
publication. 


SUMMARY 


1. Glutathione was found to protect and restore glycolytic activity of 
mouse brain homogenates incubated in the presence of ferrous sulfate. 

2. Glyceraldehyde-3-phosphate dehydrogenase was found to contain a 
firmly bound prosthetic group which was identified as glutathione by sev- 
eral independent tests. 
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THE MECHANISM OF OXIDATION OF ALDEHYDES BY 
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE* 


By E. RACKERf anv I. KRIMSKYf 


(From the Department of Microbiology, New York University College of Medicine, 
New York, New York) 


(Received for publication, April 28, 1952) 


It has been demonstrated (1) that the oxidation-reduction of methyl- 
glyoxal to lactic acid occurs in two steps. The first step is a condensation 
of methylglyoxal and reduced glutathione to a thiol ester which is hy- 
drolytically cleaved to lactic acid and reduced glutathione. It was pointed 
out that such a mechanism might be operative in other aldehyde-oxidiz- 
ing systems such as glyceraldehyde phosphate dehydrogenase, and the pos- 
sibility of obtaining energy-rich phosphate by phosphorolysis of the thiol 
ester was postulated. 

The requirement for CoA! for the oxidation of pyruvic acid (2, 3), of 
acetaldehyde (4, 5), and of ketoglutaric acid (6, 7) has been demonstrated 
recently. The discovery by Lynen et al. (8) that acetyl CoA isolated 
from yeast is a thiol ester of CoA sheds considerable light on the mech- 
anism by which these keto acids and aldehydes are oxidized. 

It has been proposed by Warburg and Christian (9) that the oxidation 
of glyceraldehyde-3-phosphate consists of the non-enzymatic uptake of 
phosphate by the aldehyde group, with the formation of 1 ,3-diphosphogly- 
ceraldehyde, which is oxidized to the corresponding diphosphoglyceric 
acid. While evidence for the formation of diphosphoglyceric acid was 
obtained, the formation of the diphosphoglyceraldehyde remained hypo- 
thetical. Meyerhof and his collaborators (10, 11) reinvestigated this 
problem by equilibrium studies and came to the conclusion that inorganic 
phosphate does not participate in the reaction in the absence of triose- 
phosphate dehydrogenase. 

The finding of glutathione as a firmly bound group of the enzyme (12) 
and studies on the glyoxalase enzymes which were carried out at the same 
time suggested another possible mechanism for triose phosphate oxidation 
in which the SH group takes an active part in the reaction. In the accom- 
panying scheme it was proposed (1) that the aldehyde group combines with 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

t Present address, Department of Physiological Chemistry, Yale University 
School of Medicine, New Haven, Connecticut. 

‘The following abbreviations will be used in this text: CoA (coenzyme A), DPN, 
TPN (diphosphopyridine nucleotide, triphosphopyridine nucleotide); ATP (adeno- 
sinetriphosphate). 
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the SH group of the enzyme and is then phosphorolytically split, with the 
formation of | ,3-diphosphoglyceric acid. 


R O R R R O 
| | 
C HC—OH DPN,,. C=O C 
\ | 
H | p OP 
+ | 
| | 
SH DPNrea SH 
| | 
knzyme Enzyme 
(1) (11) (111) (1V) 


Warburg and Christian (9) have shown that glyceraldehyde can also be 
oxidized by the dehydrogenase, though much more slowly than the phos- 
phorylated triose. Recently, acetaldehyde was found to be a substrate 
for glyceraldehyde-3-phosphate dehydrogenase and acetyl phosphate was 
shown to be the oxidation product (13). This latter finding greatly aided 
the investigations on the mode of phosphate participation and the réle of 
SH groups demonstrated below because of the availability of acety] phos- 
phate and the thiol esters acetyl thioglycolate and acetyl glutathione. In 
the course of this investigation methylglyoxal, glycolaldehyde, and suc- 
cinic semialdehyde were also found to be oxidized by the enzyme. 

Oxidation of Aldehydes in Absence of Phosphate—Warburg and Christian 
(9) were aware of the fact that glyceraldehyde is slowly oxidized in the 
absence of inorganic phosphate or arsenate. This finding, although readily 
explained by the classical theory of oxidation of the hydrated aldehyde, 
does not determine which mechanism is operating in triose oxidation. 
However, it was hoped in the present investigation that if, as postulated 
above, phosphate addition occurs at a second stage, the accumulation 
of an intermediate thiol ester would occur in a system containing gluta- 
thione to which no phosphate was added. With glyceraldehyde as sub- 
strate for the dehydrogenase and with pyruvate and lactic dehydrogenase 
as the hydrogen acceptor system, a dismutation system was established. 
The formation of glyceric acid was followed manometrically by acid liber- 
ation in the presence of bicarbonate buffer. Although it was quite appar- 
ent from the rate of acid production that only small amounts of the hypo- 
thetical thiol ester could accumulate, attempts were made to demonstrate 
and to isolate the intermediate. However, no intermediate was found to 
accumulate. These negative experiments, which were carried out several 
years ago, have a bearing on more recent findings. It should be pointed 
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out that at that time the only test available was to observe reoxidation of 
reduced DPN by glyceraldehyde-3-phosphate dehydrogenase in the pres- 
ence of the unknown intermediate. 

Arsenolysis of Acyl Phosphates in Absence of Oxidation-Reduction—Be- 
cause of the negative findings cited above attempts were made to study the 
back-reaction and to separate the phosphorolysis from the reductive step. 
The enzyme preparation of Buecher (14), which catalyzes the formation of 
1,3-diphosphoglyceric acid from ATP and phosphoglycerie acid, was used. 
It was found that on addition of glyceraldehyde-3-phosphate dehydro- 
genase and arsenate inorganic phosphate was liberated from ATP (Table 


TABLE I 


Demonstration of Arsenolysis Catalyzed by Glyceraldehyde-3-phosphate 
Dehydrogenase in Absence of Hydrogen Donor 


The complete system contained in 1.5 ml. 100 um of glyeyvlglycine, pH 7.6, 80 
um of sodium phosphoglycerate, 10 um of ATP, 3.5 um of MgCl., about 200 y of phos- 
phoglvceric kinase, 1 um of potassium arsenate, 700 y of glyceraldehyde-3-phosphate 
dehydrogenase, and 12 yum of glutathione. Zero time samples were obtained by 
precipitating the protein at once in 2.5 per cent trichloroacetic acid, while the ex- 
perimental samples were incubated for 30 minutes at room temperature prior to 
deproteinization. Inorganic phosphate was determined on the deproteinized sam- 


ples. 


-- 


Inorganic P formed 


uM 


“ without glutathione... .. 4.1 


I). Since no hydrogen donor was added to the system, it appears that 
arsenolysis can take place without reduction. However, similar obser- 
vations had been made by Meyerhof and Junowicz-Kocholaty several 
years before (15) and interpreted to be due to the reversibility of the tri- 
osephosphate dehydrogenase reaction. Since crude extracts which con- 
tained hydrogen donors were used in earlier experiments, the explanation 
given for the findings was that glyceraldehyde-3-phosphate was formed in 
small amounts and reoxidized by a shuttle process in which arsenate con- 
tinuously replaces phosphate and the unstable acyl arsenate is hydrolyzed 
to arsenate and acid. 

Effect of DPN on Arsenolysis—It was necessary therefore to rule out 
more rigidly the participation of the oxidative step in this system. Since 
the dehydrogenase prepared from muscle contained bound DPN, the re- 
moval of the nucleotide with charcoal (16) was carried out. This procedure 
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resulted in a loss of ability of glyceraldehyde-3-phosphate dehydrogenase 
from either muscle or yeast to catalyze the arsenolysis; the activity was 
completely restored by the addition of small amounts of DPN, as shown 
in Table II. 

Similar results were obtained with acetyl phosphate as substrate; how- 
ever, there was considerable arsenolysis in the absence of DPN. This was 
readily explained by the fact that charcoal treatment did not remove DPN 
completely in these experiments and that very small amounts of DPN 
suffice to give appreciable arsenolysis. Since considerably larger amounts 


TABLE II 
Effect of Charcoal Treatment and DPN on Arsenolysis 


The experimental conditions for the arsenolysis of ATP were as described in 
Table I. The yeast enzyme preparation used in this experiment was a lyophilized 
preparation kept for 2 years in a desiccator in the ice box. Since the enzymatic 
activity was about one-fifth of the muscle enzyme, 3 mg. of the charcoal-treated 
preparation were used. For Experiment II with acetyl phosphate 2.5 mg. of the 
charcoal-treated muscle enzyme were used, 10 um of acetyl phosphate, 100 um of 
KHCO;, 2 um of K arsenate, and 20 um of glutathione. The final volume was 1 ml. 
The mixture was incubated for 30 minutes at 37° and then assayed for acetyl phos- 
phate. A control tube containing boiled enzyme and acetyl phosphate was used 
for correcting for non-enzymatic breakdown of acetyl phosphate. 


Experiment II. 
Experiment I. | Acetyl phosphate 


Enzyme preparation Inorganic P formed | disappearance 


uM uM 


Muscle enzymes, charcoal-treated............... | 0.0 0.43 
with 90 7 DPN................ 4.0 3.7 
Yeast enzyme, charcoal-treated................. 0.48 
6.6 


with 500 y DPN.......... 


of enzyme had to be used with acetyl phosphate as substrate, the require- 
ment for DPN addition was less pronounced. That this explanation was 
correct was shown in an experiment in which the dehydrogenase was 
treated with charcoal until the ratio of ultraviolet absorption at 280 and 
260 my was 1.8. A marked stimulation of acetyl phosphate arsenolysis 
is shown in Experiment IT of Table II. 

Because of the finding of a DPN dependency, attempts were made to 
show differences in the rate of arsenolysis by titrating the effect of DPN 
and reduced DPN. As shown in Table III, addition of oxidized and re- 
duced DPN could equally satisfy the nucleotide requirement for arsenolysis. 
In control experiments it was found that DPN was not reduced by the 
components of the test mixture when tested in various combinations. 
Therefore, a contaminating hydrogen donor was clearly ruled out. 
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Since these experiments suggested that DPN is required structurally for 
enzyme activity in arsenolysis, rather than as hydrogen carrier, attempts 
were made to replace DPN by other related nucleotides which are known 
not to function efficiently as hydrogen-transferring agents. 

It has been shown by Warburg and Christian (9) that TPN does not 
combine with glyceraldehyde-3-phosphate dehydrogenase. However, des- 
amino DPN has been shown to act as hydrogen carrier, though at con- 
siderably slower rates than DPN (17). It was found that desamino DPN, 
hexahydro DPN, and DPN which was split by brain DPNase were not 
effective in replacing DPN for arsenolysis. Slow rates of arsenolysis 
obtained in these experiments were accounted for by residual DPN. In 


TaBLeE III 
Restoration of Arsenolysis by Oxidized and Reduced DPN 


The experimental conditions were as described in Table I except that 500 7 of 
charcoal-treated enzyme were used and glutathione was present in all tubes. In- 
organic phosphate was determined at zero time and after 30 minutes at. room tem- 


perature. 


Phosphate liberated 


Concentration of added nucleotide 
DPNox. DPNred. 


5 X 10°* 3.1 2.6 
1 xX 10-5 4.2 3.6 
2x 10-5 | 5.5 | 5.2 
4X 10-5 6.7 | 6.1 
None 0.5 


the case of desamino DPN the activity in the arsenolysis experiment was 
proportional to its ability to function as hydrogen carrier. 

Effect of Iodoacetic Acid (IAA) on Arsenolysis—Dissociation of the ar- 
senolytic activity and the oxidation-reduction step were finally accom- 
plished by use of IAA. When fully reduced glyceraldehyde-3-phosphate 
dehydrogenase was treated with concentrations of 8 XK 10-5 to 2.5 XK 10-3 
M iodoacetate, the oxidation of acetaldehyde or glyceraldehyde phosphate 
was completely inhibited even in the presence of glutathione. With 2.5 X 
10 m IAA the oxidation of reduced DPN with acetyl phosphate as sub- 
strate was also abolished. On the other hand the rate of arsenolysis in the 
presence of 8 X 10-* to 2.5 X10-? m JAA (added to the enzym2 30 minutes 
prior to the other solutions) was about 25 to 50 per cent of the rate of the 
untreated enzyme. It should be pointed out, and will be discussed later, 
that arsenolysis under these conditions occurred only when glutathione 
was added to the mixture (Table IV). 
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Utilization and Formation of Thiol Esters by Glyceraldehyde-3-phosphate 
Dehydrogenase—According to the above hypothesis the first step of alde- 
hyde oxidation involved the formation of a thiol ester. Since acetalde- 
hyde, glyceraldehyde, and glyceraldehyde-3-phosphate were the substrates 
used for these studies, the preparation of the thiol esters of the correspond- 
ing acids was undertaken. 

The preparation of acetyl thioglycolate, acetyl glutathione, succiny| 
thioglycolate, and glyceryl glutathione are described under ‘‘Methods.” 
When these thiol esters were used as substrates for glyceraldehyde-3- 
phosphate dehydrogenase, either with reduced DPN or by measuring 


TaBLeE IV 
Effect of IAA and Glutathione on Arsenolysis 


The system contained, per ml., 100 um of potassium bicarbonate, 2 uM of potas- ° 


sium arsenate, 10 um of acetyl phosphate, and 2 mg. of glyceraldehyde-3-phosphate 
dehydrogenase. When glutathione was used, 20 um of a neutralized solution were 
added. 0.08 um of IAA was incubated with the enzyme for 30 minutes in an ice 
bath. Then the other reagents were added and the complete mixture incubated 60 
minutes at 37°. The total sample was then analyzed for acetyl phosphate. 


Enzyme preparation | Acety! phosphate disappearance 
uM 
Enzyvme* without glutathione. .................... 7.8 
Kg + IAA + glutathione................... 3.0 


* The enzyme used was a well dialyzed and fully reduced preparation of glycer- 
aldehyde-3-phosphate dehydrogenase from muscle. 


arsenolysis, they were found to be slowly utilized, but not as rapidly as 
might have been expected from the rate of acetyl phosphate utilization. 
While the rate of arsenolysis of acetyl phosphate can be calculated to give 
a turnover number of about 7 for the enzyme (see Table IV), the thiol 
esters were arsenolyzed at one-twentieth the rate or less.2_ It was then 
realized that the slow utilization of these thiol esters was probably due to 
a non-enzymatic exchange between the free thiol ester and the SH group 
of the enzyme. This type of exchange reaction was noted by Stadtman’ 


? Well dialyzed preparations free of ammonium sulfate were used in these experi- 
ments and controls consisting of heated enzymes were run. In earlier experiments 
the heated enzyme contro] showed marked disappearance of acety] thioglycolate, 
which was traced to a non-enzymatic ammonolysis of the thiol ester to acetamide. 

* We are grateful to Dr. Stadtman for communicating to us his observations on the 
non-enzymatic transfer and for sending us samples of acetyl thioglycolate and acety! 
glutathione and the method of preparation. 
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with acetyl] CoA and glutathione. This slow reaction with the thiol 
esters relative to the rate of glyceric acid formation explains the negative 
findings obtained in earlier experiments with glyceraldehyde as substrate, 
mentioned above, in which no accumulation of reducible intermediates 
could be detected. 

The reduction of the thiol esters to the corresponding aldehyde in the 
presence of large amounts of enzyme was demonstrated by a dismutation 
reaction (Table V). Acetaldehyde was determined in the deproteinized 
sample by means of alcohol dehydrogenase and reduced DPN ( ass and 
aldehyde dehydrogenase and oxidized DPN (19). 


TABLE V 


Formation of Acetaldehyde from Acetyl Thioglycolate by Glyceraldehyde-3-phos phate 
Dehydrogenase 


The complete system contained, per ml]., 25 um of glycylglycine buffer, pH 7.6, 
56 um of glucose, 2.6 mg. of glucose dehydrogenase, 0.5 um of DPN, 13 mg. of gly- 
ceraldehyde-3-phosphate dehydrogenase, and 28 uM of acetyl] thioglycolate. The 
mixtures were incubated at 37° for 3 hours, deproteinized with 2.5 per cent tri- 
chloroacetic acid, and centrifuged. The neutralized supernatant solutions were 
analyzed for acetaldehyde with aldehyde dehydrogenase and DPN and with alde- 
hyde reductase (alcohol dehydrogenase) and reduced DPN. 


Acetaldehyde Acetaldehyde 
reductase dehydrogenase 
uM per mi. per mi. 

Muscle enzyme 0.2 0.1 
Glucose dehydrogenase omitted................... 0.1 0.1 
Both enzymes 0.1 0.1 


The formation of acetyl glutathione was demonstrated from acetyl phos- 
phate and from acetaldehyde in the presence of the enzyme (Table V1). 
The acetyl phosphate was destroyed by boiling the mixture for 5 minutes 
at pH 4.5 and the residual thiol ester was determined colorimetrically. 
Control tubes containing acetyl phosphate showed complete destruction 
under these conditions. As can be seen from Table VI, the formation of 
acetyl glutathione from acetyl phosphate is considerably greater than from 
acetaldehyde. This can be explained at least partially by the instability 
of the enzyme in the presence of acetaldehyde and by the binding of the 
aldehyde substrate by the large excess of glutathione. The acety] glu- 
tathione which was formed showed an absorption in the low ultraviolet 
region, similar to that of lactyl glutathione (1) and other thiol esters. 
The acetyl glutathione was further characterized by paper chromatog- 
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raphy with a solvent consisting of 80 per cent alcohol and 1 per cent 
glacial acetic acid. The compound behaved like a sample of known acety| 
glutathione. The spots were located by inspection under ultraviolet light 
and by the hydroxylamine reaction. 

Effect of DPN and Iodoacetate on Light Absorption by Enzyme—lIn the 
course of studies on the effect of potassium iodoacetate on glyceraldehyde. 
3-phosphate dehydrogenase, it was noted that the absorption at 340 m 
markedly decreased on addition of iodoacetate or p-chloromercuribenzoate 
to fully reduced dehydrogenase (showing maximal activity without added 
glutathione). It was found that the absorption given by the enzyme 
preparation was diminished after treatment with charcoal. The addition 


TABLE VI 
Formation of Acetyl Glutathione from Acetyl Phosphate and from Acetaldehyde 


In Experiment I 100 um of KHCOQs, 40 ue of acetyl phosphate, 200 um of glutathi- 
one, and 10 mg. of glyceraldehyde-3-phosphate dehydrogenase were used per ni. 
The mixture was incubated for 2 hours at 37°, then brought to pH 4.5 with HC, 
heated in a boiling water bath for 5 minutes, cooled, and diluted to 2.5 ml. A 
sample was taken for thiol ester determination and the rest was used for chroma- 
tography after deproteinization with 4 volumes of alcohol. In Experiment II, 
100 um of KHCO;, 100 um of acetaldehyde, 200 um of glutathione, 84 um of potassium 
pyruvate, 1 um of DPN, 390 y of lactic dehydrogenase, and 10 mg. of glyceralde- 
hyde-3-phosphate dehydrogenase were employed per ml. 


Experiment No. | Substrate Acetyl glutathione formed 
uM 
I | Acetyl phosphate | 22.0 


II | Acetaldehyde | 3.75 


— 


of about 2 equivalents of DPN to a charcoal-treated enzyme resulted in an 
absorption which was not increased on further addition of DPN and which 
could be prevented or reversed by iodoacetate (Fig. 1). A plot of the 
difference in absorption of the untreated and iodoacetate-treated enzyme 
gives the curve for the DPN-enzyme complex. As can be seen from Fig. 1, 
a rather broad absorption band was obtained. In subsequent experiments 
the changes in absorption of the DPN-enzyme complex were read at 360 
muy. 

In order to establish the possible functional réle of the DPN-enzyme 
complex, the effect of acyl phosphates and thiol esters on the absorption 
was studied. Addition of 1,3-diphosphoglyceric acid, which was formed 
from ATP and phosphoglyceric acid by phosphoglyceric kinase, led to an 
immediate drop in absorption, which was not further changed by iodoace- 
tate. An excess of acetyl phosphate or acetyl glutathione had a similar 
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effect, although in the case of the latter, even if used in large excess, the 
rate of decrease in absorption was slow, while in the case of acyl phosphates 
it was too rapid to permit rate measurements. 


ENZYME + DPN 


- 
| | L | | | 
300 8310 320 330 340 350 360 370 380 
m 


Fic. 1. Absorption measurements were carried out in a Beckman quartz spectro- 
photometer in silica micro cells with a light path of 10 mm. and a total volume of 
Iml. 6.4 mg. of reduced and charcoal-treated glyceraldehyde-3-phosphate dehydro- 
genase, 0.18 um of DPN, and 0.5 um of iodoacetate were used in this experiment. 
The broken curve represents the calculated values for the absorption due to the 
interaction between DPN and the enzyme. 


DISCUSSION 


The demonstration of a two-step mechanism of aldehyde oxidation 
catalyzed by crystalline glyceraldehyde-3-phosphate dehydrogenase rests 
on the following observations. (1) Formation of a thiol ester, when the 
reaction is carried out in the absence of phosphate and presence of gluta- 
thione. (2) Utilization of thiol esters by the enzyme. (3) Demonstration 
of glutathione as a prosthetic group of the enzyme and its inactivation by 
IAA. (4) The separation of the oxidative from the phosphorolytic step 
by IAA treatment. The oxidation of the aldehyde is completely blocked 
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by IAA, while an appreciable rate of arsenolysis can be shown to remain, 
This is dependent, however, on the addition of glutathione, demonstrating 
the requirement for an SH acceptor in the reaction. (5) In addition to 
these points it should be emphasized that in contrast to the hypothetical 
non-enzymatic reaction between phosphate and glyceraldehyde-3-phos- 
phate, for which there is no experimental evidence, the formation of an 
addition product between glyceraldehyde-3-phosphate and SH compounds 
can readily be demonstrated. This has been done by measuring the equi- 
librium of the aldolase reaction in the presence of SH compounds. 
Although remarkable differences have been found in the reactivity of 
various SH compounds with dihydroxyacetone phosphate and glyceralde- 
hyde-3-phosphate, they all can be shown to have a definite effect on the 
aldolase equilibrium. (6) It was found in preliminary experiments that 
the acyl group attached to the enzyme can be transferred to another ac- 
ceptor system; namely, sulfanilamide, CoA, and the pigeon liver enzyme 
(20). Similar observations have been reported by Harting and Velick 
(21), who in addition obtained evidence for the transfer of the acyl group 
of acetyl phosphate to oxalacetate to form citrate with CoA, condensing 
enzyme, and glyceraldehyde-3-phosphate dehydrogenase. 

In this manner, by competing for the acyl group on the enzyme, the two 
steps of the aldehyde oxidations were also separated from each other. 
The demonstration of a two-step reaction by a single enzyme is not unique. 
The oxidative decarboxylation of malic acid to pyruvic acid is carried out 
by a purified enzyme without the apparent liberation of an intermediate 
(22). The purity of glyceraldehyde-3-phosphate dehydrogenase and the 
use of an SH blocking agent which dissociates the two activities makes this 
system a particularly suitable one for the study of a double-headed enzyme. 

Several points of analogy can be made with the coenzyme A-linked oxi- 
dation of aldehydes and pyruvic acid in microorganisms. But there at 
least two distinct and separate enzymes are operative to form the acy! 
phosphates: the dehydrogenases and the transacetylase (23) with CoA as 
a mobile coenzyme. The free acetyl CoA which is formed can be readily 
utilized by other enzymes. In the case of the triosephosphate dehydro- 
genase the SH compound is immobilized on the enzyme, and hence the 
probability of a phosphorolytic split with the resulting energy-rich phos- 
phate transfer to ATP is increased and the occurrence of an acyl] transfer 
to another acceptor under physiological conditions is unlikely. 

The effect of DPN on the light absorption by the enzyme, reported in this 
paper, and its prevention by iodoacetate and p-chloromercuribenzoate 
indicate a reaction between the SH groups of the enzyme and oxidized 
DPN. Theorell and Bonnichsen (24) have reported a shift in the absorp- 
tion of reduced DPN when added to liver alcohol dehydrogenase. The 
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shift in the absorption maximum from 340 to 325 mu was prevented by p- 
chloromercuribenzoate, but not by iodoacetate. No data on the effect of 
oxidized DPN on the absorption were reported. 

The complex between DPN and SH of triose phosphate dehydrogenase 
ean be readily visualized as participating in the process of hydrogen trans- 
fer. The accompanying scheme would represent a mechanism of alde- 
hyde oxidation which includes all the observations reported in this paper. 


| R 
= | 
C 
N O | N / || SH 
Phosphate Phosphate O | 
Enzyme Knzyme 


Thus the first step is seen as an “aldehydolysis” of the DPN-SH com- 
plex, with the direct formation of reduced DPN and thiol ester on the 
enzyme. The acyl group of the thiol ester is then transferred to another 
site on the enzyme where it combines with a phosphate group bound to the 
enzyme. The acyl group on the enzyme can be reversibly transferred 
either to the SH group on the enzyme or to externally added glutathione, 
resulting in the accumulation of acetyl glutathione. In this manner the 
phenomenon of arsenolysis of acyl phosphates is visualized as a transfer of 
the acyl group to a sulfhydryl compound, a replacement of the phosphate 
on the enzyme by arsenate, and a return of the acyl group to form an un- 
stable acyl arsenate. 


Methods 


p-1-Glyceraldehyde was obtained commercially from the Concord Lab- 
oratories. Acetaldehyde (Eastman Organic Chemicals) was kept as a 50 
per cent solution frozen at —70°. Samples diluted from this stock solution 
were assayed for aldehyde content with aldehyde dehydrogenase (19). 
Other substrates and coenzymes were prepared as described in the preced- 
ing paper (12). Hexahydro DPN was prepared according to Warburg, 
Christian, and Griese (25); desamino DPN was a gift from Dr. 8. Colo- 
wick. DPN was prepared by an unpublished method of Ochoa and assayed 
as described previously (18). Reduced DPN was prepared according to 
Ohlmeyer (26) and assayed with aleohol dehydrogenase and acetaldehyde. 


‘ Since submission of this paper direct evidence for the existence of an acyl en- 
zyme has been obtained. After a short exposure to substrate in the absence of 
Phosphate the enzyme was heat-denatured and repeatedly washed. The acyl groups 
which remained firmly attached to the protein could be released into solution with 
hydroxylamine or by proteolytic digestion. 
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Acetyl phosphate was generously supplied by Dr. J. R. Stern, succinic 
semialdehyde and succinylthioglycolate by Dr. S. Kaufman, and phos. 
phoglyceric acid by Dr. S. Ratner. 

Preparation of Thiol Esters—Acety| thioglycolate was prepared as the 
potassium salt from a commercially obtained solution. It was crystallized 
from alcohol ether and washed with absolute alcohol. Acetyl glutathione 
was prepared by incubating glutathione with a 3-fold excess of acetyl 
thioglycolate at pH 8.2 for 4.0 hours at room temperature. The mixture 
was then extracted three to four times with large volumes of ether at pH 
3.0 to remove acetyl thioglycolate. Glyceryl glutathione was prepared 
from hydroxymethyl glyoxal (27) and glutathione in the presence of glyox- 
alase I by the method described for lactyl glutathione (1). For the pur- 
fication of small amounts of thiol esters large scale paper chromatograms 
and elution with water were used. 

Preparation of Enzymes—Reduced glyceraldehyde phosphate dehydro- 
genase, alcohol dehydrogenase, and aldehyde dehydrogenase were prepared 
as described in the preceding paper. Crystalline lactic dehydrogenase was 
prepared from rabbit muscle as described previously (28). Phosphoglyceric 
kinase (14) was isolated from brewers’ yeast. Glucose dehydrogenase 
from beef liver was kindly supplied by Dr. H. Strecker. 

Colorimetric Determination of Thiol Esters—This determination was car- 
ried out essentially as described by Lipmann and Tuttle (29) for acety| 
phosphate. For the detection on paper chromatograms the papers were 
viewed with an ultraviolet lamp. The hydroxylamine reagent for spray- 
ing was prepared fresh by mixing 1 volume of the hydroxylamine solution 
with 2 volumes of 3.56 N KOH. After 1 minute the paper was sprayed with 
a mixture of 2 volumes of 3 N HCl and 1 volume of the 5 per cent ferric 
chloride solution. For the detection and preparation of thiol esters by 
paper chromatography the ascending method with 80 per cent alcohol and 
1 per cent acetic acid as solvent was used. 

Inorganic phosphate was determined according to Lohmann and Jen- 
drassik (30). 


SUMMARY 


1. Evidence is presented to show that the oxidation of aldehydes by 
glyceraldehyde-3-phosphate dehydrogenase occurs in two steps. 

2. The aldehyde reacts with the SH group of the enzyme and is oxidized 
to a thiol ester. In the second step the acyl group of the thiol ester is 
transferred to phosphate to form an acyl phosphate. 

3. The oxidative-reductive as well as the phosphorolytic steps are el- 
zymatic and are catalyzed by glyceraldehyde-3-phosphate dehydrogenase 
preparations which have been recrystallized several times. Both steps 
were found to require DPN. 
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strating the formation and utilization of the thiol ester and by blocking the 
oxidative-reductive step by treatment with iodoacetic acid. 


enzyme and its possible réle in hydrogen transfer are discussed. 
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4, It was shown that the two steps can be studied separately by demon- 


5. The formation of a complex between DPN and the SH groups of the 
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COMPARISON OF TRYPSIN INHIBITOR FROM COLOSTRUM 
WITH OTHER CRYSTALLINE TRYPSIN INHIBITORS* 


By M. LASKOWSKI, Jr.,f P. H. MARS,{ anp M. LASKOWSKI 


(From the Department of Chemistry, Cornell University, Ithaca, New York, and the 
Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 


(Received for publication, May 12, 1952) 


We have recently reported (2) the discovery and crystallization of a 
stoichiometric trypsin inhibitor from bovine colostrum. Several proper- 
ties of this inhibitor indicated a close similarity to the two trypsin inhibi- 
tors from bovine pancreas, the first crystallized by Kunitz and Northrop 
(3) and the second crystallized by Kazal, Spicer, and Brahinsky (4). 

It was of interest to examine the comparative properties of the three 
inhibitors and, when possible, of their respective complexes with trypsin! 
in order to determine whether the inhibitors were different chemical species. 
We have therefore studied the electrophoretic mobilities, inhibitory ac- 
tivities toward trypsin, ultraviolet absorption spectra, and molecular 
weights of the above compounds. 


Methods 


The colostrum trypsin inhibitor-trypsin complex was prepared accord- 
ing to the method previously described (2) with one modification. After 
a partially purified inhibitor (Step 5 (2)) was treated with an equivalent 
amount of trypsin and the pH was adjusted to 5.5, the solution was di- 
alyzed against 0.01 N acetate buffer, pH 5.5, for a period of 10 to 14 days, 
with frequent changes of buffer. By this exhaustive dialysis, consid- 
erable amounts of colored impurities were lost and the subsequent crys- 
tallization of the trypsin-trypsin inhibitor compound was greatly facili- 


* Aided by a research grant from the National Institutes of Health, United 
States Public Health Service. Part of the data included in this paper has been pre- 
sented (1) at the 12lst meeting of the American Chemical Society in Milwaukee, 
March 31—April 3, 1952. 

t Research Fellow of the National Heart Institute, United States Public Health 
Service, at Cornell University. 

t Fulbright Scholar from the University of Amsterdam at Marquette University. 

1 The following abbreviations are occasionally used in the text: pancreatic trypsin 
inhibitor of Kunitz and Northrop, pancreatic inhibitor; trypsin inhibitor from col- 
ostrum, colostrum inhibitor; pancreatic trypsin inhibitor of Kazal et al., Kazal’s 
inhibitor; pancreatic trypsin inhibitor of Kunitz and Northrop-trypsin compound, 
pancreatic complex; trypsin inhibitor from colostrum-trypsin compound, colostrum 
complex. 
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tated. The free colostrum inhibitor was prepared as previously described 
(2). Crystalline trypsin, pancreatic trypsin inhibitor-trypsin compound, 
and the free pancreatic inhibitor were prepared according to the method 
of Kunitz and Northrop (3). All these substances were recrystallized 
four times prior to their analysis. A sample of crystalline pancreatic 
inhibitor of Kazal, Spicer, and Brahinsky (4) was a gift from Dr. Kazal of 
Sharp and Dohme, Inc., to whom we wish to express our gratitude. 

‘The molecular weights were determined by light scattering in an appara- 
tus described by Debye and Anacker (5). All the particles investigated 
were small in comparison to the wave-length of the light used (4358 A in 
vacuo) and the equation of Debye was used. All solutions were centri- 
fuged for 5 hours in a Servall angle centrifuge at 20,000 X g to eliminate 
dust. The value of the parameter H was assumed as 10.0 X 107°. 

The electrophoretic experiments were conducted in a standard 11 mil. 
cell in the Klett type instrument. The ionic strength was 0.1 uy in all 
experiments and the concentration of protein was 1 per cent, except in a 
few cases when it was necessary to reduce the concentration of protein to 
0.7 per cent because of a shortage of material. 

The ultraviolet absorption spectra were measured with a Beckman model 
DU spectrophotometer. For the substances for which no data for the 
specific absorption at 280 my were available, it was determined with 0.1 
Nn HCl as solvent. Samples of recrystallized proteins were dissolved, 
thoroughly dialyzed against distilled water, and lyophilized. The lyo- 
philized powder was then weighed and quantitatively diluted. 

The content of tyrosine and tryptophan was calculated according to the 
method of Goodwin and Morton (6) from the ultraviolet absorption curves 
in 0.1 n NaOH. It was found, however, that both the intensity of ab- 
sorption and the shape of the absorption curve varied with time of ex- 
posure to the alkaline medium. Since the change of absorption spectra 
was not equally rapid for different proteins investigated, it was necessary 
to select arbitrarily the time of exposure for each substance (see ‘“Results”). 


Results 


Fig. 1 shows the examples of electrophoretic patterns of the trypsin- 
colostrum trypsin inhibitor compound and the trypsin-pancreatic trypsin 
inhibitor compound of Kunitz and Northrop. Both patterns indicate a 
fairly good degree of electrophoretic homogeneity. Fig. 2 shows the 
examples of patterns of the two free inhibitors. The pancreatic inhibitor 
at pH 5.3 showed good homogeneity. The colostrum inhibitor at pH 4.6 
showed a small contaminant which persisted at all three pH values stud- 
ied. 

Fig. 3 summarizes the results of the electrophoretic experiments. The 
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colostrum inhibitor was isoelectric at about pH 4.2, the pancreatic inhibi- 
tor at pH 8.7. Neither of these points was identical with any of the three 
isoelectric points reported for the three components of Kazal’s inhibitor 
(4). The colostrum inhibitor-trypsin complex was isoelectric at pH 7.2, 
and the pancreatic inhibitor-trypsin complex at pH 10.1. It is interest- 
ing to note that in contrast to trypsin, which gave a uniform pattern only 
within a very narrow range of pH 3 to 5.5, the complexes of trypsin with 


PANCREATIC COMPLEX pH5 PANCREATIC INHIBITOR ' p 


—+ DESCENDING ASCENDING «— —+ DESCENDING ASCENDING 


gz 


COLOSTRUM COMPLEX pH 4.85 COLOSTRUM INHIBITOR pH45 


—-» DESCENDING ASCENDING <— DESCENDING ASCENDING «— 
Fia. 1 2 


Fic. 1. Electrophoretic patterns of complexes. Pancreatic trypsin inhibitor- 
trypsin complex of Kunitz and Northrop in 0.1 » acetate buffer at pH 5 after 100 
minutes in a field of 5.83 volts percm. Colostrum trypsin inhibitor-trypsin complex 
in 0.1 » acetate buffer at pH 4.85 after 100 minutes in a field of 5.83 volts per cm. 

Fig. 2. Electrophoretic patterns of inhibitors. Pancreatic trypsin inhibitor of 
Kunitz and Northrop in 0.1 » acetate buffer at pH 5.3 after 50 minutes in a field of 
5.87 volts perem. Colostrum trypsin inhibitor in 0.1 u acetate buffer at pH 4.5 after 
60 minutes in a field of 4.82 volts per cm. 


the respective inhibitors gave uniform patterns up to pH 10.5. This is 
apparently due to the prevention of self-digestion at higher pH values. 

The patterns observed at low pH values showed several components. 
At these pH values, trypsin alone also shows several components. In 
view of the complexity of the patterns, it was not possible to conclude from 
these experiments whether the complex was first dissociated into a free 
inhibitor and a free trypsin and the latter subsequently decomposed, or 
whether the decomposition of trypsin occurred prior to the liberation of a 
free inhibitor. The examples of patterns obtained at low pH values are 
therefore omitted. 

The activities of the crystalline inhibitors against trypsin were deter- 
mined according to Kunitz (7). The concentrations of inhibitors were 
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determined spectrophotometrically with the following values for factors: 
soy bean inhibitor 1.10 (7), pancreatic inhibitor of Kunitz and Northrop 


PANCREATIC COMPLEX 
. COLOSTRUM COMPLEX 
+6 
+4 
Neale 
e PANCREATIC INHIBITOR 
x COLOSTRUM INHIBITOR 
pH 
Fic. 3. pH mobility curves 
«KAZAL'S 
x COLOSTRUM 
Zz 
8 
Y) 
a 
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¥ OF INHIBITOR 
Fic. 4. Comparison of the inhibiting potencies of different crystalline trypsin 
inhibitors. Each tube contained 12.5 y of trypsin and the indicated amounts of 


one of the inhibitors. 


1.26 (our value), pancreatic inhibitor of Kazal et al. 1.54 (4), colostrum 
inhibitor 2.00 (2). The results are shown in Fig. 4. Soy bean trypsin 
inhibitor? was used as a standard. In agreement with the previous find- 
ing (7), | y of soy bean inhibitor inactivated 1.0 y of trypsin. The pan- 
creatic inhibitor of Kunitz and Northrop was more active; 1 y inactivated 


? Purchased from Worthington Biochemical Sales Company, Freehold, New Jersey. 
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2.07 y of trypsin. In agreement with the previously reported value (2), 
1 y of colostrum inhibitor inactivated 2.3 y of trypsin. Surprisingly, the 
least homogeneous of all, the pancreatic inhibitor of Kazal et al., was 
found to be the most active per unit of weight; 1 y inactivated 2.57 y of 
trypsin. If we assume that only one of the three components found by 
Kazal et al. (4) in their preparation has an inhibiting activity, the molecular 
weight of this active component must indeed be very small. 

The determination of tyrosine and tryptophan was made in 0.1 Nn NaOH 
(6). The effect of standing in 0.1 n NaOH on the apparent content of 
tyrosine and tryptophan, as calculated by the method of Goodwin and 
Morton (6), is shown in Table I. It is obvious that the magnitude of 
changes in the ultraviolet absorption spectra occurring while standing in 
0.1 n NaOH was different for different substances. The most drastic 


TABLE I 


Effect on standing of the protein solution in 0.1 N NaOH on an apparent content 
of tyrosine and tryptophan as calculated according to Goodwin and Morton (6). 


| At once After 70 min. After 4 hrs. After 24 hrs. 
| per cent | per cent per cent | per cent 

Colostrum inhibitor Tyrosine | 4.94 $5.31 5.77 
Tryptophan 0.22 | 0.39 0.50 | 0.22 

“ complex Tyrosine | 6.21 | 6.43 6.53 | 6.73 
Tryptophan 3.038 3.02 2.85 | 2.31 

Pancreatic inhibitor Tyrosine | 8.69 | 8.72 8.85 | 9.23 
Tryptophan 0.07 0.02 0.00 0.00 

Tryptophan | 2.99 | | £8 | om 


changes were observed with the pancreatic inhibitor of Kazal et al. (Fig. 
5). In addition to the atypical curves occasionally observed at zero time, 
the zero time values were found to be most variable on different samples 
of the same substance. The experiments with free amino acids indicated 
that after exposure for 24 hours the observed extinction coefficients were 
much higher than those reported by Goodwin and Morton (6). It was 
therefore necessary to make some arbitrary selection. It was decided to 
use the 4 hour values for the pancreatic inhibitor and its complex, and the 
70 minute values for the other substances. The factors for determining 
the concentration of the complexes from their light absorption at 280 mu 
were established in 0.1 N HCl as 0.810 for the pancreatic complex of Kunitz 
and Northrop, and as 0.840 for the colostrum trypsin inhibitor-tryspin 
complex. Table II shows the values of tyrosine and tryptophan as found 
experimentally, and the values for the complexes calculated on the assump- 
tion that the molecule of a complex was composed of trypsin and inhibitor 
in a ratio indicated by the experiments on activity. 


750 CRYSTALLINE TRYPSIN INHIBITORS 
The molecular weight of pancreatic trypsin inhibitor-trypsin complex 
of Kunitz and Northrop was determined by light scattering as 36,000 


E 
1.800 KAZAL'S INHIBITOR 


1 600- 


200 280 300 320 340 360MU 
WAVELENGTH 
Fic. 5. Ultraviolet absorption spectra of the pancreatic trypsin inhibitor of 
Kazal, Spicer, and Brahinsky; concentration 1 mg. per ml. @, figures of Kazal et 
al. at pH 5.7; A, in 0.1 N NaOH at zero time; @, in 0.1 N NaOH after 1 hour; A, in 
0.1 N NaOH after 15 hours; O, in0.1 n NaOH after 42 hours. Ordinate scale, Eye. 


TaBLe II 
Comparison of contents of tyrosine and tryptophan as observed experimentally 
on trypsin-trypsin inhibitor complexes with the content calculated on the basis of 
ratios of inactivation. 


Found Calculated 
| Tyrosine | Tryptophan, Tyrosine | Tryptophan | 
per cent per cent per cent per cent 
| 7.35 4.05 70 min. value 
Colostrum inhibitor.... 4.94 0.39) | 
complex..... «6.48 | 3.02 6.62 | 2.93 ™ 
Pancreatic inhibitor.... 8.85 4 hr. value 
complex... 71.62 | 3.87 | 


(Fig. 6). This value is in agreement with the molecular weight of trypsin 
as 24,000? and the molecular weight of pancreatic inhibitor of Kunitz and 


3 The value of 24,000 is taken as an equivalent of 24,000 found by Kunitz (7) for 
soy bean inhibitor; Jansen and Balls (8) calculated the molecular weight of trypsin 
as 20,700 on the basis of the phosphorus content of the crystalline trypsin-diisopropy! 
fluorophosphate complex. 
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Northrop as 9000 (9). It also agrees fairly well with the expected molec- 
ular weight calculated on the basis of the activity ratio (2.07:1). For 
the colostrum trypsin inhibitor-trypsin complex, a molecular weight of 
89,000 was obtained. If such a high molecular weight obtained by light 
scattering can be trusted, this corresponds to a trimer of 3 molecules 
of trypsin and 3 molecules of inhibitor (the molecular weight of the mono- 
mer on the basis of activity and content of tyrosine and tryptophan should 
be around 30,000). However, such high results from light scattering can 
well be due to a high molecular weight impurity, and this value should 
not be accepted as final until checked by some other method. 


Our thanks are due to Mrs. V. Kubacki Engbring and Miss G. Piller 
for assistance in electrophoretic experiments, to Dr. G. Jacobs, Mr. R. 


4- 
M=36,000 
PANCREATIC 
COMPLEX 
wo 
M= 89,000 


COLOSTRUM 
COMPLEX 


12345678910 
CONCENTRATION G/ML 
Fic. 6. Light scattering measurements of molecular weights. The ordinate, at 
zero concentration, is equal to the reciprocal of the molecular weight. 


J. Peanasky, and Mr. E. A. Steberl for preparing part of the crystalline 
pancreatic trypsin-trypsin inhibitor complex, and trypsin, and to the 
Blochowiak Dairy Company and their producers for the generous supply 
of colostrum. 


SUMMARY 


The crystalline trypsin inhibitor from colostrum was compared with two 
other known crystalline trypsin inhibitors of bovine origin and all three 
were found to be different chemical species. The following approximate 
isoelectric points were found: colostrum inhibitor 4.2, pancreatic inhibi- 
tor 8.7, colostrum complex 7.2, and pancreatic complex 10.1. 

Previously established (7, 2) relationships of activity were confirmed 
and extended. The following amounts of trypsin were found to be inac- 
tivated by 1 y of the respective inhibitors: soy bean inhibitor 1.0 y, pan- 
creatic inhibitor 2.07 y, colostrum inhibitor 2.3 y, Kazal’s inhibitor 2.57 v. 

The molecular weight of pancreatic complex was found to be approxi- 


4 
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mately 36,000, in agreement with the assumption that 1 mole of trypsin is 
combined with 1 mole of inhibitor. The corresponding figure for the 
colostrum complex was 89,000, possibly indicating the formation of 4 
trimer. 
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THE AMINO ACID COMPOSITION AND NITROGEN 
METABOLISM OF TETRAHYMENA GELEII* 


By CHUNG WU anv JAMES F. HOGG 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor, Michigan) 


(Received for publication, March 10, 1952) 


The nitrogen composition and metabolism of the typical animal micro- 
organisms are relatively unknown. This is true largely because of the past 
unavailability of the Protozoa either in pure culture or in synthetic media. 
The ciliated protozoan, Tetrahymena geleii, is unique in that it has been 
available in pure culture for some time and recently (1949) it has been 
grown in synthetic medium (2). Investigations of bacterial amino acid 
composition have led to the proposal that the growth requirements of a 
microorganism are reflected in its cellular composition (3, 4). This may 
now be investigated for the Protozoa. Additionally, previous work (5, 
6) has shown that the maintenance of 7’. geleii strain E in a synthetic 
medium will alter certain nutritional requirements and metabolic capac- 
ities of the organism; 7.e., an adaptation occurs. Thus a determination 
of the effects of medium composition and culture adaptation on the am- 
ino acid composition of this organism would further characterize the 
process of adaptation to a synthetic medium. Also it would make pos- 
sible a comparison with the composition of other microorganisms (4, 7—12) 
and higher animals (2, 13). 

In this work, the chief concern has been with the nitrogen composition 
of 7’. geletit. However, the gross features of the nitrogen metabolism have 
also been determined. Adaptation to a synthetic medium has produced 
significant changes in the amino acid and nucleic acid composition of this 
protozoan cell. In agreement with the work of Lwoff (2), complete analy- 
ses of culture filtrates have demonstrated that this aquatic organism is 
primarily ammonotelic. 


EXPERIMENTAL 


Two strains of 7’. geleii have been employed in this study, one of which, 
the peptone strain (P), has been described previously (5, 6). The other, 
the variant strain (S), has been obtained by successive transfers of the P 


* A portion of this work was presented before the meeting of the American Society 
of Biological Chemists, New York, April, 1952 (1). This material was taken in part 
from a dissertation submitted to the Rackham School of Graduate Studies by Chung 
Wu in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
in the University of Michigan, 1952. 


753 


4 
| 


754 AMINO ACIDS OF T. GELEII 


strain in a synthetic medium (6) for a period of 18 months (equivalent to 
thirty serial transfers). P was harvested from both peptone and synthetic 
media (preparations P-P and P-S) and 8 only from the synthetic medium 
(preparation S-S). Comparison of these preparations made possible an 
evaluation of the effects of the composition of the medium and of adapta- 
tion on cellular composition. Complete analyses of culture filtrates al- 
lowed a determination of the N metabolism of the two strains. 

Cultivation and Harvesting of Cells—Stock cultures were maintained at 
25° on the appropriate media. Loop transfers to fresh media were made 
at intervals of 2 weeks. For mass cultures, 700 ml. portions of the ap- 
propriate medium were prepared and sterilized (15 pounds steam pressure 
for 10 minutes) in 2 liter Erlenmeyer flasks. Heavy inocula of rapidly 
growing cells were built up by successive aseptic transfers of progressively 
larger cultures at 3 to 4 day intervals. The final inoculum was one-seventh 
of the volume of the culture to be harvested. When P was to be inoculated 
into the synthetic medium, the cells were washed three times in this medium 
before the final inoculation. The cultures to be harvested were incubated 
at 25° until maximal growth was attained (4 to 5 days). 

The final cultures were centrifuged at 1500 r.p.m. (390 X gq) for 10 min- 
utes. The supernatant culture ‘“‘filtrates’? were siphoned off, filtered 
through a layer of Celite filter aid, and stored at —15° under toluene. The 
cells were washed three times in 0.9 per cent NaCl solution. All wash 
liquids were discarded. This procedure permitted the recovery of at least 
two-thirds of the cells in an undamaged, fully viable condition. The final 
concentrated suspensions of washed cells were then transferred to beakers 
and dried at 70-80°. After pulverization, the preparations were dried 
in vacuo over HSQO,. 


Analytical Procedures 


Amino Acids—The cell preparations were ordinarily hydrolyzed with 
3 N HCI at 15 pounds steam pressure for 5 hours (14). When cystine was 
to be determined, hydrolysis in 2 Nn HCl! at 15 pounds for 2.5 hours was 
employed (15). An enzymatic hydrolysis (16) was adopted for the release 
of tryptophan. The protozoan culture filtrates were concentrated 10- 
fold before assay of the amino acids excreted by the cells. When hydro- 
lyzed, the filtrates were made 2 n in HC! and autoclaved at 15 pounds 
for 4 hours (17). For cystine assay, the concentration of HCl] was reduced 
to 0.37 N and the reaction time to 2 hours (18). 

Determinations of fifteen amino acids were made by the microbiological 
procedure of Henderson and Snell (14). Leuconostoc mesenteroides P-60 
was used for the assay of cystine (15) and serine (19), and Leuconostoc 
citrovorum 8081 for alanine (20). Growth was measured turbidimetrically 
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with a Klett-Summerson photoelectric colorimeter (No. 62 filter). In the 
usual assay medium (14), pyridoxal was replaced by an equal amount of 
pyridoxamine. For glutamic acid and lysine assays, DL-aspartic acid was 
replaced by one-half the amount of L-asparagine (21). All amino acid 
components of the medium were reagent grade commercial samples. Ala- 
nine was further purified by one recrystallization from aqueous methanol 
(14). Accurate stock solutions of the vacuum-dried amino acids were 
prepared in dark bottles and stored under toluene at 5°. All solutions 
were replaced at monthly intervals. The assay procedures were checked 
with a pure crystalline sample of 8-lactoglobulin' and a known mixture of 
eighteen amino acids, which also was included as a control in all assays. 
All amino acids except glutamic acid and histidine could be readily de- 
termined within 5 per cent; these two could be determined within 10 per 
cent. 

Other Nitrogenous Components—The total N content of the cell prepara- 
tions was determined by a Kjeldahl procedure (22). Cellular extracts were 
analyzed by a micro-Kjeldahl and nesslerization procedure (23). Non- 
protein N and nucleic acid fractions were obtained by extractions of the 
homogenized cells with cold and hot trichloroacetic acid solutions (24). 
The total nucleic acid N content of these extracts was estimated by mea- 
suring their absorption at 260 my in the Beckman DU spectrophotometer 
(25). An analyzed sample of yeast nucleic acid was employed as a refer- 
ence standard for converting the absorption data into N equivalents. 
Ammonia was determined by the microdiffusion method of Conway and 
urea by the use of urease in conjunction with the ammonia method (26). 
Creatinine was determined by the method of Borsook (27), uric acid by the 
direct micromethod of Folin (28), and allantoin by the procedure of Young 
et al. (29). 

Moisture and Ash——-Moisture content of the cell preparations was de- 
termined by drying in vacuo at 50°. The ash content was determined by 
ignition at 600° in an electric muffle furnace for 7 hours. 


Results 


The content of eighteen different amino acids in the cell preparations is 
given in Table I. It was assumed that only the Lt forms of the amino 
acids were present in the cells. However, the assay organisms will measure 
the p isomers of alanine (20) and aspartic acid (14). It may be noted that, 
for the values under “Dry weight,’’ P-P always equals or exceeds S-S. 
Comparable differences in bacterial amino acid composition (4, 7) have 
been ascribed to variations in total N content. However, in this case the 
differences result in large part from the unequal distribution of N com- 
pounds in the cell preparations (see Table II). On this account, the data 
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were recalculated on the basis of percentage of total N and finally on the 
basis of percentage of total amino acid N of the cells. The latter is the 
more exact basis for comparison of amino acid patterns of the cells (ef. 
(13)) and it is used henceforth. It is noteworthy that this has eliminated 
some differences (e.g. histidine), but it has augmented certain others (e.g. 
methionine). ‘There can be seen here no correlation of cell composition to 
medium composition (Table III), such as that observed by Stokes and 


TABLE I 
Amino Acid Composition of Tetrahymena geleii 


The data are reported as percentages on the basis listed in the column heediee 
after correction for moisture and ash content. Total amino acid N was calculated 
by summation of the N equivalents of the assay values. 


| Dry weight Total N | Total amino acid N 
Amino acid | 
ps | ss PP| PS | ss | PP | Ps | ss 
(2.6 (2.1 [1.9 10.5 8.3 [13.3 (11.8 11.7 
Histidine. ........ ... 1.09 1.02 | 0.89 3.8 | 3.6 (3.3 | 4.8 4.7 | 4.6 
|3.5 |2.9 |7.0 |8.7 |7.5 | 8.9 (11.4 /10.6 
Aspartic acid.........|5.8 |5.9 | 5.5 |7.7 | 8.1 | 7.7 9.8 10.7 10.9 
Glutamic “ .........|7.3 |6.8 | 8.9 |8.5 | 9.2 {11.3 /11.1 (12.9 
| 2.5 |1.8 (6.1 |5.0 | 4.4 |7.7 | 6.6 | 6.2 
12.38 1.5 | 4.7 |4.0 |3.1 |6.0 | 5.2 | 4.4 
(25 (24 3.8 14.9 (5.1 | 5.6 
(4.0 | 3.7 5.6 | 5.6 | 5.4 [7.1 | 7.4 | 7.6 
Isoleucine............. | 2.8 | 2.6 4.1 | 3.8 |5.2 | 5.1 | 5.3 
|1.8 [1.7 | 3.8 | 8.0 | 4.2 | 4.3 | 4.2 
Threonine.............; 2.4 [2.4 | 2.1 |3.6 |3.6 {4.6 | 4.8 | 4.7 
0.43 | 0.31 | 0.25 0.64 0.47 0.40 0.81 0.62 0.56 
Methionine........... 0.81 0.90 0.80 0.97 1.10 1.01 1.28 1.45 1.42 
Phenylalanine......... 2.5 2.3 2.0 | 2.7 | 2.6 3.5 | 3.4 | 3.2 
Tyrosine.............. (2.1/1.9 11.7 | 2.0 11.9 |1.8 12.6 | 2.5 | 2.5 
Tryptophan........... 0.46 0.48 | 0.17 | 0.81 0.86 | 0.31 | 1.03 | 1.10 | 0.44 
[1.5 [1.4 (2.4 | 3.0 | 3.2 | 3.1 


Gunness for Streptococcus faecalis (4). Indeed there should not be such a 
correlation unless the amino acids are used in protein synthesis exclusively. 

The effects of a change of composition of the medium are shown by 
comparison of P-S with P-P, with the total amino acid N as a basis. The 
former is significantly the lower (by more than 10 per cent) in content of 
arginine, glycine, alanine, and cystine and P-S is higher in lysine, methi- 
onine, and possibly aspartic acid. These same effects may also be seen 
in a comparison of S-S with P-P. The effects of adaptation to the synthetic 
medium are seen in the comparison of S-S with P-S. The former is higher 
in content of glutamic acid and valine and distinctly lower in alanine and 
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tryptophan. The change of tryptophan content was the largest of all. 
The over-all changes from P-P to S-S have produced a higher ratio of 
dicarboxylic amino acids to the basic amino acids. 

The rather consistently lower individual and total amino acid contents 
of the S-S cells suggested a higher proportion of non-protein N. Therefore 
the distribution of cellular N among cold and hot trichloroacetic acid ex- 
tracts (24) and insoluble residue was determined. The results (Table II) 
showed all the cell preparations to be equally high in non-protein N. How- 
ever, there was an inverse relation between total amino acid N and nucleic 
acid N, S-S being 2-fold higher than P-P in nucleic acid N. It is of con- 


TaBLeE II 
Distribution of Nitrogen in Tetrahymena geleii 

The data, unless indicated otherwise, are reported as percentages on the basis 
listed in the column heading after correction for moisture and ash content. The 
cold trichloroacetic acid extracts (non-protein N) were corrected for nucleic acid 
N content. Protein N was calculated as the difference between total N and non- 
protein plus nucleic acid N. Trichloroacetie acid-soluble amino acid N was calcu- 
lated as the difference between total amino acid N and protein N. 


| Dry weight Total N 
Fraction 
P-P P-S | S-S P-P P-S S-S 

6.2 5.9 5.3 | 79 76 71 

ve 0.46 0.68 | 1.04; 5.9) 8.9! 14.1 
Total N in above compounds........ 6.7 6.6 6.3 | 8 | 85 85 
x 3.8 3.7 | 3.7 | 49 48 50 
3.5 3.4 | 2.7 | 45 44 36 
Soluble amino acid N................ 2.7 | 2.5 | 26 134 |32 | 35 
Cell harvest, mg. perl............... 300 210 280 | 


siderable interest to note that approximately one-third of the total N of 
each preparation was in the form of trichloroacetic acid-soluble amino acid 
NN. The over-all changes in cellular composition have resulted in a marked 
relative increase of the acidic N compounds of this organism. 

In assessing the accuracy of the amino acid assays, it would be desirable 
if, as in analysis of pure protein, all N could be accounted for. With the 
more complex whole organisms, this becomes vastly more difficult, and 
indeed a separate problem. The high and uniform percentage of the total 
cellular N accounted for as known compounds is a very good indication 
of consistent analytical recoveries. The trichloroacetic acid-soluble frac- 
tions of the cells were tested for urea, creatine (as creatinine), uric acid, 


‘Preliminary chromatographic experiments have indicated that several aliphatic 
amino acids exist in the free form within the cells of 7’. geleii. 
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and ergothioneine? with negative results. These tests were made by the 
given quantitative procedures as well as by paper chromatography (30). 


TaB_e III 
Nitrogen Content of Tetrahymena geleit Cultures 
All values are given in mg. per liter of culture. Of the p-amino acids present, 
only p-methionine is biologically active for 7’. geleii (32). Thus the given amount 
equals the sum of the assay value and the amount of the inert p-amino acid from 
the original medium. (a), concentration; (b) nitrogen equivalent. 


Substance | Original medium | P-S culture | S-S culture 
Filtrates 

Issential amino acids (a) (b) (a) (b) (a) (b) 

L-Arginine 496 160 397 128 382 123 

L-Histidine 111 30 105 28 107 29 
L-Lysine 110 21.1 | 79 15.2 | 185 16.3 
pu-Valine 150 17.9 125 15.0 30 15.6 
L-Leucine 75 8.0 33 3.5 4] 4.4 
pL-Isoleucine 75 8.0 48 §.1 | 84 5.8 
pL-Serine 300 40 253 33.8 262 35.0 
pL-Threonine 300 35.3 | 237 28.0 247 29.1 
pL-Methionine 150 14.1 113 10.6 13] 12.3 
pL-Phenylalanine 150 12.8 82 7.0 ow) 7.6 
L-Tryptophan 150 20.6 112 15.3 115 15.7 


Non-essential amino acids 


Aspartic acid (b or L) 0 7.0 0.74 1.03 
L-Glutamie acid 0 48 4.6 40 3.8 
Glycine 0 34.9 6.5 28.58 5.4 
Alanine (p or L) 0 13.5 2.1 14.5 2.3 
L-Cystine 0 0.70 0.075 0.60 0.064 
L-Tyrosine 3.9 0.30 4.4 0.34 
L-Proline 0 <1.5 <1.5 

Other N compounds 
Yeast nucleic acid 300 34.8 243 28.2 243 28.2 
Ammonia 9.0 7.4. 60 50 55 46 
Sum of creatinine, urea, uric acid, 0 <2 <2 

allantoin 
Cells 
Total N 16.0 | 20.7 


Sum of N equivalents 410 398 402 


The latter, more specific procedures placed the levels of each of the above 
compounds at less than 1 per cent of the total N. Undetermined com- 
pounds which may contribute to the remaining 15 per cent of the cellular 


? Baldridge, R. C., unpublished. 
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N are hydroxyproline, dicarboxylic acid amides, ornithine (31), 8-alanine, 
a- and y-aminobutyric acids (10), and p-amino acids. 

The results of the analyses for the various residual N compounds in 
T. geleiit cultures are summarized in Table III. Such data were obtained 
only for the cultures in the synthetic medium in which the initial com- 


TaBLe IV 


Comparison of Utilization of and Growth Requirements for Amino Acids 
by Tetrahymena geleii 

In the table all amounts are given as mg. per liter of a culture. In the recorded 
experiments, cultures P-S and S-S used, respectively, 940 and 730 mg. of glucose 
from the original 1000 mg. per liter. The probable errors of the values for total 
utilization are listed because the calculation by difference has magnified the usual 
error of the assays when utilization was small. The values for cellular incorpora- 
tion are low, possibly by as much as 30 per cent, because of the incomplete recovery 
of cells. 


| 
| Total utilization 

E 
Compound | Amount 
Probe.| PS | SS | P-S| SS 
; P-S S-S ble SE 

error 
| mg. mg mg. per cent per cent mg. meg. meg. 

L-Arginine. 99 | 114 [20] 20 | 23 | 4.4] 5.3] 30 
L-Histidine 6 +4 5 4 | 2.1 2.5 | 20 
L-Lysine..... 25 28 23 | 7.2; 8.1) 10 
t-Valine.. | 25 20' +3, 33 27 | 5.1} 6.8| 5 
u-Leucine.. 42 | 34] 56 | 45 | 8.4! 10.4] 8 
27 | 21) 42; 72 | |5.8) 7.3) 6 
47 | 38/43) 31 | 2 13.9, 4.6| 15 
... 63 | 53/44) 42 35 4.9) 5.8 | 25 
bL-Methionine* 19 +6 25 13 | 1.9 | 23:1 
68 60/243 91 80 49 5.6, 8 
35 +6 23 10 0.5) 3 


* The data for cellular incorporation and growth requirement are given in terms 
of L-methionine. 


position could be exactly known. Assays for the non-essential amino 
acids were made on both hydrolyzed and unhydrolyzed filtrates. The 
values for aspartic and glutamic acids and glycine were increased con- 
siderably by hydrolysis, thus indicating that these amino acids occurred 
in part in the form of peptides. That the non-essential amino acids of the 
filtrates did not derive from the cells by mechanical disintegration in pro- 
cessing is indicated by the fact that the amounts in the filtrates con- 
siderably exceed the amounts found in the cells. Moreover, the ratios 
of these amino acids in cells and filtrates are quite different. The summa- 
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tion of N equivalents shows a substantially complete accounting for the NX 
content of the original medium. Therefore it is reasonable to conclude 
that the chief excretory compounds of N of 7’. geleit have been determined, 
In descending order of magnitude, these are ammonia, glycine, glutamic 
acid, alanine, aspartic acid, tyrosine, and cystine. 

The data of Table III permit calculation of the total utilization of 
the amino acids of the medium by 7’. geleit and those of Tables I and II 
permit calculation of the amounts of these compounds incorporated into 
the protozoan cells (Table IV). For purposes of evaluation, some data 
on minimal growth requirements (6, 33)’ are also included. Table IV brings 
out two points about the amino acid metabolism of 7’. geleit. First, the 
total utilization of an amino acid greatly exceeds either its cellular incorpor- 
ation or its growth requirement except in the case of histidine. Second, 
in several cases the minimal requirement of an amino acid for growth greatly 
exceeds (by 3- to 10-fold) its cellular incorporation. The combination of 
these facts suggests that the catabolism of arginine, serine, threonine, 
tryptophan, and methionine may be specifically essential to the growth of 
the organism. The minimal requirements for growth of lysine, leucine, 
isoleucine, valine, and phenylalanine approximate their cellular incorpora- 
tions, and thus these amino acids seem to be required only in direct protein 
synthesis. Histidine, with no significant catabolism and a growth require- 
ment far exceeding its cellular incorporation, is a unique case. Certainly 
the data exclude histidine as a source of glutamic acid for 7’. geleit, and thus 
the previous observation (6) that glutamic acid does not spare histidine is 
explained. In Table IV, the utilization of methionine alone varied greatly 
with the culture. However, the closely corresponding values for cellular 
methionine and cystine and filtrate cystine may give a more accurate index 
of utilization. Therefore P and S cultures probably do not differ signif- 
cantly in methionine utilization. 


DISCUSSION 


A majority of the investigators of the amino acid composition of micro- 
organisms (4, 7-10) have emphasized the essential similarity of the various 
organisms, and there can be no doubt that the orders of relative abundance 
of the amino acids are surprisingly invariant. Only Stokes and Gunness (4) 
have emphasized that age of culture and various environmental factors, 
including composition of medium, have undoubtedly affected the amino 
acid composition of the cell. The data presented herein indicate that 
changes of cellular composition in response to change of medium may 
require several growth cycles to become fully apparent. 

The amino acid composition of 7’. geleii is compared to that of other 


3 Elliott, A. M., and Hogg, J. F., unpublished. 
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microorganisms and of several vertebrates in Table V. The algae are 
excluded because their composition is qualitatively distinct from that of 
other organisms (11, 12). In Table V the first twelve amino acids are in 
the order which, according to Dunn et al. (13), is the most frequently 
found order of abundance of the amino acids in the various portions of the 
animals. Despite the considerable differences in the distribution of cellu- 


TABLE V 
Comparative Amino Acid Composition of Various Organisms 
The data are reported as gm. of amino acid per 100 gm. of crude protein (7.e. 
16 gm. of N). 


Various | 
Amino acid T. geleti microorganisms,* Vertebrates 
except algae | 
| 14.2 -15.3 7.4-13.6f | 11.2-13.9 
5.1 5.3 3.0- 6.2 4.4— 5.7 
5.6 - 6.1 2.7-— 4.8 | 3.3- 4.7 
Phenylalanine...................| 4.38- 5.2 2.1-3.7 3.24.2 
1.9 - 2.2 1.1— 4.9 1.6— 2.1 
Methionine... 0.8- 2.1 1.7- 2.1 
Tryptophan... ... 0.37- 1.00 0.3— 1.2 0.6- 1.0§ 


* Data of Stokes and Gunness (4) for a wide range of microorganisms, exclusive 
of algae. 

t Data of Freeland and Gale (8) for total cellular amino acids. 

{ Data of Dunn et al. (13) for cat, dog, rabbit, rat, mouse, chicken, duck, and 
turkey. The first twelve amino acids account for 70 (66-73) per cent of the crude 
protein for these animals. For 7’. geleii, the corresponding value is 75 (73-77) per 
cent. 

§ Block and Bolling (34). 


lar N, these twelve amino acids account for practically the same fraction 
of the crude protein in both vertebrates and 7’. geleti (Table V, foot-note). 
The protozoan may be seen to have individual amino acid values outside 
the range for animals in seven instances. For glutamic acid, leucine, 
phenylalanine, and isoleucine, the values on 7’. geleii lie outside the range 
of both animals and microorganisms. Thus this protozoan may be said 
to have quantitatively a distinctive amino acid pattern. 

In their classic study of the chemical metabolism of Paramecium cauda- 
tum, Cunningham and Kirk (35) showed that 91 per cent of the N excre- 
tion of resting cells was in the form of ammonia. Urea and uric acid were 
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absent, but creatinine was present in traces. However, the fraction of N 
excreted as ammonia decreased in the presence of glycine, glucose, or butyr- 
ate. The non-ammonia N fraction was not identified. Our data suggest 
that this unidentified fraction was amino acid N. In contrast to the 
results of Nardone and Wilber (36), these data are in substantial agreement 
with the concept that 7’. geleii: is ammonotelic rather than ureotelic (2), 
However, it should be realized that the possibility of urea formation under 
unusual conditions, such as perhaps osmotic stress, is not completely ruled 
out. 

The essential high catabolism of certain amino acids suggests that they 
may be the preferential source of metabolic energy for 7. geleiz. But 
presumably a portion of the need for an amino acid is occasioned by its 
conversion to another amino acid or other important metabolite. Thus 
methionine is believed to be required for the synthesis of cystine in T, 
gelew (6, 37), and the present data are in agreement with such a concept. 
Of the other amino acids whose catabolism seems essential to 7’. geleii, 
only serine is believed to be converted to a metabolite, glycine (38), which 
was determined. However, glycine synthesis more than equaled the net 
utilization of serine (7.3 versus 5.8 (P-S) and 6.4 versus 4.3 (S-S), in mg. 
of N per liter). These differences considerably exceed the probable analyti- 
cal error of +0.3 mg. of N. Previous work has demonstrated that glycine 
does not spare serine for 7’. geleit (6), and thus another source of glycine 
is suggested. This situation is comparable to that of phenylalanine and 
tyrosine in Escherichia coli (39). Arginine may be converted to ornithine 
in 7. geleit and this is a reaction which yields a considerable amount of 
energy (31). However, it was found during previous work (6) that the 
minimal growth requirement for arginine was reduced to 6 mg. per liter in 
the presence of either ornithine or citrulline. This value approximates 
the cellular incorporation found for arginine (Table IV), and thus it is 
suggested that ornithine (or citrulline) may be an essential metabolite in 
T. gelewi, even though a full Krebs-Henseleit cycle has not been demon- 
strated. 

The data on amino acid utilization (Table IV) do not permit an exact 
comparison of the strains of 7’. geleii through the individual amino acids. 
However, the data as a whole do show an unmistakable trend for greater 
total utilization of amino acids by the P strain. This is in agreement with 
the somewhat greater excretory N of filtrate P-S. Moreover it has been 
noted previously that the minimal requirement for most of the amino acids 
is less in the S strain (32)? and that variant strains sometimes develop which 
can even dispense with certain amino acids (5). All of these observations 
point to an increasing ability of the organism to conserve and to synthe- 
size amino acids when it is maintained in the synthetic medium. 
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SUMMARY 


The nitrogenous composition of Tetrahymena gelew, cultured under three 
different conditions, has been determined. The greatest variations in 
amino acid composition were found for tryptophan, cystine, alanine, and 
glycine, all of which decreased with culture maintenance in synthetic 
medium. Cells maintained in synthetic medium increased 2-fold in their 
content of nucleic acid. In comparison with other animals and micro- 
organisms, 7’. geleit had a distinctive amino acid composition, in particular 
with respect to the high levels of isoleucine, glutamic acid, leucine, and 


phenylalanine. 

The chief nitrogenous excretory compounds of 7’. gelett were ammonia, 
glycine, glutamic acid, alanine, aspartic acid, and tyrosine. A relatively 
large catabolism of arginine, serine, threonine, tryptophan, and methionine 
was found to be essential to growth, whereas the catabolism of histidine, a 
compound also essential for growth, was experimentally insignificant. 
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ENZYMATIC RESOLUTION OF 
CAPROIC ACID AND p1i-a-AMINO-6-H YDROXY-n- 
VALERIC ACID 


By LOUIS BERLINGUET* anp ROGER GAUDRY 
(From the Department of Biochemistry, Laval University, Quebec, Canada) 


(Received for publication, May 8, 1952) 


a-Amino-e-hydroxy-n-caproic acid has been synthesized by Gaudry (1). 
It does not replace lysine in the diet of growing rats, and it possesses toxic 
properties (2). Further studies have shown that this unnatural amino 
acid induces anemia and serves as an antagonist of lysine in rats (3). 
Its lower homologue a-amino-é-hydroxy-n-valeric acid was first synthesized 
by Sérensen (4), and later by Plieninger (5) and by Gaudry (6). Pre- 
liminary studies have demonstrated its ability to replace arginine in the 
diet of the chick (7). These biological experiments were performed with 
the respective DL mixtures because the two synthetic amino acids have not 
hitherto been resolved into their corresponding optical enantiomorphs. 
It was therefore felt that the availability of the optical isomers would be 
of advantage for further studies. 

The enzymatic resolution method developed by Greenstein and coworkers 
(8-11) was successfully applied with minor modifications in the two cases. 
The N-chloroacylated derivatives of DL-a-amino-e-hydroxy-n-caproic acid 
and pL-a-amino-é-hydroxy-n-valeric acid were asymmetrically hydrolyzed 
by acylase I, a purified enzyme preparation from hog kidney (11). The 
rate of hydrolysis was rapid, being respectively 10,000 and 23,800 um per 
hour per mg. of protein N at 38°. 

When the usual technique was followed, the pure L-amino acids were 
easily isolated. However, the preparation of the corresponding D isomers 
was complicated by the fact that refluxing of the residual chloroacetyl 
D-amino acids with HC] led to lactonization of the liberated amino acids. 
Mild alkaline treatment of the hydrolysis products, followed by careful 
neutralization, led to the preparation of the pure D isomers. 


EXPERIMENTAL 


DL-N-Chloroacetyl-a-amino-e-hydroxry-n-caproic Acid—To a solution of 
58.8 gm. (0.4 mole) of pL-a-amino-e-hydroxy-n-caproic acid in 100 ml. 
of cold 4.0 n NaOH and 40 ml. of distilled water were added alternately 
in small portions and with vigorous shaking 37 ml. (0.42 mole) of chloro- 
acetyl chloride and 100 ml. of cold 4.0 N NaOH. The reaction was con- 
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ducted for 20 minutes, and during this time the flask was immersed in an 
ice bath. Concentrated HCl was then added in slight excess, and the 
solution was extracted three times with 150 ml. portions of ethy! acetate. 
The combined extracts were dried over anhydrous sodium sulfate, the 
ethyl acetate was evaporated with a current of air, and the resulting oil was 
washed repeatedly with petroleum ether and ether. The oil crystallized 
when chilled. The compound was recrystallized from a mixture of ben- 
zene and acetone. 67.1 gm. of the pure chloroacety] derivative (75.1 per 
cent vield), which melts at 91°, were isolated. 


CsHyWOsNCl]. Calculated. N 6.27, Cl 15.86 
Found. 6.21, 15.70 


The above procedure must be closely followed or the yields will be 
considerably lowered. 7 

DL-N-Chloroacetyl-a-amino-6-hydroxy-n-valeric Acid—The same procedure 
as the above was followed. From 26.6 gm. of pL-a-amino-6-hydroxy-n- 
valeric acid, 16.9 gm. (40 per cent yield) of N-chloroacetyl-a-amino-é- 
hydroxy-n-valeric acid were obtained; m.p., 103—104°. 


Calculated. N 6.68, Cl 16.92 
Found. 6.70, 17.56 


Enzymatic Resolution of DL-a-Amino-e-hydroxy-n-caprotc Acid and pi- 
a-Amino-5-hydroxry-n-valeric Acid; L-a-A mino-e-hydroxy-n-caproic Acid and 
L-a-A mino-6-hydroxy-n-valeric Acid—These isomers were prepared by en- 
zymatic resolution through asymmetric hydrolysis of their chloroacetyl 
derivatives (11). From 44.7 gm. of chloroacetyl-pL-a-amino-e-hydroxy-n- 
caproic acid and 20.9 gm. of chloroacetyl-pL-a-amino-6-hydroxy-n-valeric 
acid there were obtained, respectively, 10.7 gm. (73 per cent) of L-a-amino- 
e-hydroxy-n-caproic acid (calculated, N 9.5; found, 9.5) [a], for a 2 per 
cent solution in 6 Nn HCl at 27° = +23.7°, and 4.5 gm. (69 per cent) of L- 
a-amino-6-hydroxy-n-valeric acid (calculated, N 10.5; found, 10.6) [a], at 
23° for a 2 per cent solution in 6 Nn HCl = +28.8°. 

The presence of the respective D isomers in the L-a-amino-e-hydroxy-n- 
eaproic acid and in the L-a-amino-é-hydroxy-n-valeric acid was checked 
with hog kidney p-amino acid oxidase by the method described (12) and 
it was found in each to be less than 1 part in 1000. The oxidase readily 
oxidizes 1 um of the p isomers in the presence of 1000 um of the respective 
L isomers. 

D-a-Amino-e-hydroxy-n-caproic Acid and p-a-Amino-é6-hydroxy-n-valeric 
Acid—The mother liquor and washings from the preparation of the L-a- 
amino-e-hydroxy-n-caproic acid were combined and evaporated in vacuo 
nearly to dryness. The residue was taken up in about 30 ml. of water, 
acidified to Congo red with concentrated hydrochloric acid, and extracted 
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four times with ethyl] acetate. The extracts were combined, dried over 
sodium sulfate, the filtrate was evaporated in vacuo to dryness, and the 
residual syrup was washed several times with petroleum ether. The re- 
maining oil, which could not be brought to crystallization, was refluxed 
with 100 ml. of 2 N hydrochloric acid for 2 hours. The solution was evapo- 
rated to dryness, and the residue was dissolved in a minimum of water. 
29 n lithium hydroxide was added until the pH reached 7.0. <A large 
volume of alcohol was added and the flask was set aside in the cold. 

A small and variable yield of a white gelatinous mass precipitated very 
slowly during the following 2 days and was collected by filtration. It could 
not be recrystallized and was very hygroscopic. Very soluble in water and 
in alcohol, it melted at 172° with decomposition. The unknown product 
possessed a negative optical rotation in 6 N HCl solution and moved with 
the same Ry values as the pure L-amino acid when chromatograms were 
run in five different solvents. The same gelatinous mass was obtained 
whether the neutralization of the amino acid was accomplished with aniline, 
pyridine, or lithium hydroxide. It seems probable that a-amino-e-capro- 
lactone was formed in the presence of the hot mineral acid and remained 
in solution in dilute alcohol. The small gelatinous precipitate from this 
solvent may have been a polymerization product of the lactone. 

pL-a-Amino-e-hydroxy-n-caproic acid was refluxed with 2 n hydrochloric 
acid for 2 hours. The solution was evaporated to dryness and the residue 
dissolved in water and neutralized with pyridine. Alcohol in large excess 
was added. After 4 days, a small gelatinous precipitate was formed. ‘The 
result was the same when lithium hydroxide was used instead of pyridine. 
In both cases, the alcohol solution was evaporated in vacuo and the residue 
was refluxed for 15 minutes with 3 wn lithium hydroxide. After careful 
neutralization with dilute HCl, a large volume of alcohol was added. The 
resulting crystals were filtered, dried, and analyzed. p.L-a-Amino-e-hy- 
droxy-n-caproic acid was recovered almost quantitatively. Ammonium 
carbonate can be substituted for the lithium hydroxide in opening the 
lactone ring, and indeed for optically active materials is probably safer. 

The combined residues from the HCl hydrolysate of chloroacetyl-p-a- 
amino-e-hydroxy-n-caproic acid were therefore dissolved in 100 ml. of 
water, the solution was brought to pH 7.0 with 3 n lithium hydroxide, and 
refluxed for 1 hour with 15 gm. of ammonium carbonate. The solution 
was evaporated in vacuo and the residue recrystallized from water-alcohol 
mixtures. Pure p-a-amino-e-hydroxy-n-caproic acid was obtained; m.p., 
248°, 

C.H130;N. Calculated, N 9.52; found, N 9.54 


Specific rotation of a 2 per cent solution in 6 N HCl [a]? = —23.2°. 
The presence of L-a-amino-e-hydroxy-n-caproic acid in the p preparation 
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was checked with Crotalus adamanteus venom by the method described 
(12), and was found to be less than 1 part in 1000. The mild alkaline 
treatment therefore did not lead to any appreciable racemization of the 
D isomer. 

The mother liquor and washings from the preparation of the L-a-amino- 
5-hydroxy-n-valeric acid were combined and treated as described for p-a- 
amino-e-hydroxy-n-caproic acid. After acid hydrolysis of the chloroacety| 
p derivative with 2 n hydrochloric acid, the solution was evaporated in 
vacuo, the residue was dissolved in a minimum of water, and lithium hy- 
droxide was added to pH 7.0. 10 gm. of ammonium carbonate were then 
added and the solution was boiled for half an hour. The solution was 
again evaporated in vacuo to a small volume, and alcohol in large excess 
was added. Upon cooling, crystals of p-a-amino-6-hydroxy-n-valeric acid 
were formed. They were filtered and dried. Yield, 2.6 gm. (39.1 per 
cent). 


CsHnO3N. Calculated, N 10.52; found, N 10.43 


Specific rotation for a 2 per cent solution in 6 N HC] [a]? = —28.0°. 


SUMMARY 


1. t-a-Amino-e-hydroxy-n-caproie acid with = +23.7° and 
amino-e-hydroxy-n-caproic acid with [a]??> = —23.2° for a 2 per cent solu- 
tion in 6 N HCl were obtained in good yields by the asymmetric hydrolysis 
of chloroacetyl-DL-a-amino-e-hydroxy-n-caproic acid by an enzyme prepa- 
ration from hog kidney. 

2. A similar procedure was used with chloroacetyl-pL-a-amino-ehy- 
droxy-n-valeric acid, yielding L-a-amino-5-hydroxy-n-valeric acid with [aly 
= +28.8° and p-a-amino-é-hydroxy-n-valeric acid with [a]?? = —28.0° for 
a 2 per cent solution in 6 nN HCl. 

3. The respective L and p isomers were found to be more than 99.9 per 
cent optically pure. 

4. Acid hydrolysis of chloroacetyl-p-a-amino-e-hydroxy-n-caproic acid 
and chloroacetyl-p-a-amino-é-hydroxy-n-valeric acid yielded what appeared 
to be the corresponding lactones. These compounds, when neutralized 
and refluxed for a short time with ammonium carbonate, yielded the free 
p-amino acids in a pure state. 


These studies were begun in the laboratory of Dr. Jesse P. Greenstein 
of the National Cancer Institute, Bethesda, Maryland, during the summer 
of 1951 and were completed in Quebec. His assistance and his many sug 
gestions were greatly appreciated. 
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eal assistance. They are indebted to Dr. S. M. Birnbaum and Mrs. R. B. 
Kingsley of the Biochemistry Laboratory of the National Cancer Institute, 
Bethesda, Marvland. Their thanks are also due to Miss M. Tremblay of 
this Department for technical assistance. 
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THE DEGRADATION OF ARGININE BY CLOSTRIDIUM 
PERFRINGENS (BP6K)* 


By GILBERT C. SCHMIDT,f MILAN A. LOGAN, ann ALFRED A. TYTELLf 


(From the Department of Biological Chemistry, College of Medicine, University of 
Cincinnati, Cincinnati, Ohio) 


(Received for publication, May 9, 1952) 


Woods and Trim (1) have found that ammonia and carbon dioxide are 
produced from arginine on incubation with washed cell suspensions of 
Clostridium welchit (SR-9). The quantities produced varied with the age 
of the culture from which the washed cell suspensions were prepared, but 
were never equimolar. The excess of ammonia over 1 mole per mole of 
arginine was equal to the total molar quantity of carbon dioxide produced. 
The related compounds, citrulline, ornithine, urea, and guanidine, were not 
attacked under the conditions of their experiments. The intermediates 
and end-products, other than carbon dioxide and ammonia, were not 
identified. 

The degradation of arginine by other organisms has been investigated 
by several workers. Mixed putrefactive organisms employed in early in- 
vestigations produced ornithine from arginine (2, 3). Ornithine produc- 
tion was assumed to be the result of combined arginase-urease activity. 
Hills (4), who studied the action of gram-positive cocci on arginine, has 
proposed a one-step mechanism for the degradation. 1 mole of arginine 
was supposedly hydrolyzed to 1 mole of ornithine, with the liberation of 2 
moles of ammonia and 1 mole of carbon dioxide. Citrulline was not at- 
tacked and was therefore ruled out as a possible intermediate. Ornithine 
was isolated from the reaction mixture. Hills designated the enzyme 
“arginine dihydrolase”’ to distinguish it from arginase. 

Citrulline has been isolated from incubations of arginine with Bacillus 
pyocyaneus by Horn (5), who termed the enzyme responsible for the con- 
version ‘“‘arginine desimidase.’”’ Tomota (6) has confirmed the presence 
of this enzyme in B. pyocyaneus, and he has stated that it also occurs in 
Salmonella enteritidis. Recent evidence obtained with a strain of Strepto- 
coccus faecalis (7) indicates that ‘‘arginine dihydrolase” is actually a mix- 


* Taken in part from a dissertation presented by Gilbert C. Schmidt to the Faculty 
of the Graduate School of Arts and Sciences of the University of Cincinnati in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, 1952. 

t Predoctorate Fellow of the National Microbiological Institute, National In- 
stitutes of Health. 

t Present address, Medical Research Division, Sharp and Dohme, Inc., West 
Point, Pennsylvania. 
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ture of two enzymes and that, contrary to the findings of Hills, citrulline 
is an intermediate in the degradation. Akamatsu and Sekine (7) have 
called the two enzymes ‘‘metarginase”’ and citrullinase. ‘*Metarginase” 
is identical with Horn’s “arginine desimidase.”’ 

Knivett (8) has reported similar findings with a different strain of S. 
faecalis. 

Our results show that citrulline is an intermediate in the degradation of 
arginine by washed cell suspensions of Clostridium perfringens (BP6K),. 
Ornithine is an end-product and is produced from citrulline by splitting 
off ammonia and carbon dioxide. At least two enzymes are involved. 

Methods 

The test organism, C. perfringens (BP6K), was obtained from the Ameri- 
can Type Culture Collection. Stock cultures were maintained on 2 per 
cent proteose peptone (pH 7.4 to 7.6) containing 0.6 per cent glucose and 
solvent-extracted beef heart (9). Cells for the preparation of washed cell 
suspensions were grown at 37° on 4.5 per cent tryptic digest of casein plus 
0.6 per cent of glucose, as previously described (9). The organisms from 
1 liter of a 6 hour culture were removed by centrifuging at 0° in a refriger- 
ated centrifuge until the cells were tightly packed. The cells were washed 
twice with distilled water and then suspended in 100 ml. of distilled water. 

Total solids were determined by drying a 1 or 2 ml. aliquot of the washed 
cell suspension for 6 hours at 105°. Total nitrogen was determined by the 
method of Umbreit (10). 1 ml. of washed cell suspension contained 10 
to 12 mg. (dry weight) of cells and 1.5 to 1.8 mg. of nitrogen. 

For the preparation of lyophilized cells the solids from 1 liter of medium 
were washed in the manner outlined above. The washed cells were then 
suspended in approximately 30 ml. of distilled water in a 100 ml. centrifuge 
bottle, shaken thoroughly to insure a smooth suspension, and frozen in a 
thin, uniform layer by means of a mixture of dry ice and acetone. The 
frozen contents were lyophilized in the centrifuge bottle by means of a 
Hyvac pump. The lyophilized cells were stored in a desiccator over Drie- 
rite, in vacuo. This preparation maintains activity for at least a week. 

Ammonia was determined in 10 per cent trichloroacetic acid filtrates of 
reaction mixtures by a modification of the method of Conway and Byrne 
(11). Samples from the center well of the Conway unit were nesslerized, 
read in an Evelyn colorimeter with a No. 420 filter against appropriate 
blanks, and the ammonia content calculated from standard curves. 

Carbon dioxide was determined in the Warburg apparatus by the usual 
techniques (10), with air as the gas phase. 

The arginine content of 10 per cent trichloroacetic acid filtrates of reac- 
tion mixtures was measured by the Sakaguchi method as modified by 
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Macpherson (12). A standard curve was prepared with each series of 
assays. 

Citrulline was determined on trichloroacetic acid filtrates of reaction 
mixtures by the diacetyl procedure of Kawerau (13), with use of the 
phosphoric acid-sulfuric acid oxidizing mixture. A standard curve was 
run with each series of determinations. 

Ornithine was determined enzymatically with the aid of McClung’s strain 
78 of Clostridium septicum.' This organism possesses a very active orni- 
thine decarboxylase, but attacks neither citrulline nor arginine under the 
conditions employed. C. perfringens incubation mixtures were heated 15 
minutes in a boiling water bath and filtered to remove precipitated protein. 
Aliquots of the filtrates were assayed for ornithine under the conditions 
specified by Lardy (14). 

Ornithine was also estimated colorimetrically by a procedure employed 
by Stein and Moore (15). Trichloroacetic acid filtrates of reaction mix- 
tures were heated with ninhydrin at pH 1, diluted with glacial acetic acid, 
and read in an Evelyn colorimeter with a No. 515 filter, and the ornithine 
content was calculated from a standard curve. 

The extent of attack on the a-amino or the carboxyl group of arginine 
was determined by the gasometric ninhydrin method (16), by use of picric 
acid filtrates of reaction mixtures for the determination. 

Ascending paper chromatograms were employed in the tentative identi- 
fication of citrulline and ornithine. These were carried out under 6 X 24 
inch Pyrex cylinders, at 25°, for approximately 4 hours. Untreated What- 
man No. | or No. 2 paper and the water-miscible solvents indicated in 
Table II] were used. The papers were air-dried at room temperature, 
sprayed with 0.2 per cent ninhydrin in 90 per cent aqueous isopropanol, 
and dried in an oven at 105°. 


RESULTS AND DISCUSSION 


Production of Ammonia and Carbon Dioxide—The formation of ammonia 
and carbon dioxide from arginine was found to occur with both washed 
cell suspensions and suspensions of lyophilized cells. The carbon dioxide 
produced during 3 hours of incubation at 37° was determined by the 
Warburg technique. Incubations for the determination of ammonia pro- 
duction were carried out at the same time and under the same conditions. 
The results of these determinations, which are given in Table I, indicate 
that the excess of ammonia over 1 mole per mole of arginine equals the 
total molar quantity of carbon dioxide produced. 

The maximum rate and over-all production of both ammonia and carbon 


‘We are indebted to Dr. L. S. McClung, Department of Bacteriology, Indiana 
University, Bloomington, for this organism. 
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dioxide occurred at pH 6.3. In the pH range 6.0 to 7.2 the rate and over- 
all production of these products were within 90 per cent of the maximum. 
Lower values were obtained at pH 5.2 and at pH 7.8. At pH 7.2 the 
addition of boiled cells or boiled cell extracts had no apparent effect on 
ammonia or carbon dioxide production. ‘These findings are in agreement 
with the values reported by Woods and Trim (1) for C. welchit (SR-9). 

The complete disappearance of arginine from 3 hour incubation mixtures 
was shown by negative Sakaguchi reactions, by failure to precipitate argi- 
nine flavianate, by failure to produce urea on treatment with arginase, and 
by the absence of an arginine spot on paper chromatograms. 


TaBLeE I 
Production of Ammonia and Carbon Dioxide from Arginine by C. perfringens 
Incubation for 90 minutes at 37° in phosphate buffer, pH 7.2. Warburg flasks 
acid tipped in at end of the reaction. The washed cell suspension contained 12 mg. 
of cells per ml. Suspensions of lyophilized cells contained 24 mg. of cells per ml. 
The reaction mixture contained buffer (0.45 mM) 1.0 ml., cell suspension or suspensions 
of lyophilized cells 1.0 ml., and L-arginine solution 1 0 ml. (8 uM). 


Moles of product per mole | 
arginine originally present 


| Average (7 experiments) 


Carbon dioxide 


Washed cell suspension. . Ree | 0.41-0.51 | 0.46 


of lyophilized calle. . 0.54-0.63 | 0.58 

Washed cell suspension................ 1.41-1.56 | 1.47 

of lyophilized cells........ 1.55-1.70 1.62 


Source of Ammonia and Carbon Dioxide—The ammonia and carbon di- 
oxide did not arise from the a-amino and the carboxy! groups of arginine. 
Analysis by the gasometric ninhydrin procedure of aliquots removed from 
reaction mixtures at 15 minute intervals for 3 hours showed no decrease it 
the amount of carbon dioxide obtained. A loss of either carboxyl group 
or a-amino nitrogen during the course of the enzyme reaction would have 
resulted in a decrease of ninhydrin carbon dioxide produced. 

Although 1 mole of the ammonia finally produced in the degradation of 
arginine can be accounted for on the basis of disappearance of the Saka- 
guchi color, the ammonia that is produced at any given time during the 
reaction cannot be accounted for solely on that basis, as is shown in Fig. 1. 
It is apparent from the curves in Fig. 1 that the difference between total 
ammonia production and disappearance of the Sakaguchi color at any time 
equals the carbon dioxide produced at that time. 
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If urea were an intermediate, the ratio of ammonia to carbon dioxide 
produced at any given time should be 2:1. These relationships do not 
hold (Fig. 1), and furthermore urea is not attacked by the test organism 
in the pH range 6.0 to 7.2. No ammonia or carbon dioxide is produced by 
the action of purified urease on the reaction mixtures, and no precipitate 
could be obtained from the reaction mixtures on the addition of xanthydrol 
reagent. Urea was therefore ruled out as a possible intermediate. 


90" NH3 PRODUCTION 
140- 


130- 
120- 
110+ 
100- 


ARGININE DISAPPEARANCE 


50- PRODUCTION 


° 


MICROMOLES PER !00 MICROMOLES OF ARGININE ORIGINALLY PRESENT 
@ 
oO 


- 10 20 30 40 50 60 70 80 90 100 110 120 
INCUBATION TIME, IN MINUTES 
Fig. 1. Changes during the incubation of arginine with washed cell suspensions 
of C. perfringens. Incubation temperature 38°. pH of reaction mixture 7.2; phos- 
phate buffer employed. Final concentrations of reaction mixture components, ar- 
ginine, 12 um per ml.; buffer 0.18 m; cells, 3.4 mg. per ml. 


Course of Reaction—The results are consistent with the idea that the 
imido group of arginine is removed to form 1 mole of citrulline and 1 mole 
of ammonia. In a second reaction the citrulline is partially degraded to 
equimolar quantities of ammonia, carbon dioxide, and ornithine. 

Presumptive evidence for the presence of citrulline in reaction mixtures 
was obtained by application of the diacetyl reaction to known citrulline 
solutions and to trichloroacetic acid filtrates of reaction mixtures. The 
absorption spectra for known citrulline samples and for reaction mixture 
aliquots were shown to be identical (Fig. 2). 
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The fact that reaction mixtures produced a characteristic red color on 
heating with ninhydrin at pH 1 was considered to be presumptive evidence 
for the presence of ornithine. Stein and Moore (15) have stated that the 
color is specific for ornithine if proline is absent. More conclusive evidence 
for the presence of ornithine in reaction mixtures was obtained by applica- 
tion of the ornithine decarboxylase method to reaction mixture aliquots 
in the manner previously described. The presence of ornithine was clearly 
indicated, as is shown in Table ITI. 

Additional evidence for the presence of citrulline and ornithine was ob- 
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Fic. 2. Absorption spectra of diacetyl colors with known citrulline solution 
(upper curve) and trichloroacetic acid filtrate of reaction mixture (lower curve). 
Citrulline concentration 0.29 um per ml. of diacetyl reaction solution. 


tained by chromatography of trichloroacetic acid filtrates of reaction mix- 
tures in the manner previously described. The R,y values obtained with 
several different water-miscible solvents are shown in Table III. The 
presence of spots corresponding to citrulline and ornithine is apparent. 
The complete disappearance of arginine is indicated by the absence of a 
corresponding spot in reaction mixture chromatograms. No other com- 
pounds that produce the characteristic ninhydrin color appeared to be 
present in the reaction mixtures. 

Isolation of Citrulline and Ornithine—The presence of both citrulline and 
ornithine in reaction mixtures was definitely established by isolation of 
these two compounds from the same reaction mixture. Citrulline was 
isolated as the free base and ornithine as the dibenzoyl derivative by the 
following procedure. 
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900 ml. of incubation mixture, containing 21.6 mm of L-arginine mono- 
hydrochloride and washed cells from 3 liters of medium, were incubated 
at 37° in a water bath for 4 hours. The final cell concentration was 3.6 
mg. per ml. of reaction mixture. The use of buffers in-the reaction mixture 
was avoided to facilitate the isolation of the desired compounds. Balance 


TABLE II 


Ornithine Content of Reaction Mixtures, Determined by Decarbozxylation of Ornithine 
with C. septicum 


Incubation of arginine and C. perfringens was for 120 minutes at 37° in phosphate 
buffer of pH 7.2, in 150 ml. Warburg flasks. The final concentrations in reaction 
mixture were as follows: arginine 12 um per ml., buffer 0.18 mM, cells 6 mg. per ml. 
10 ml. of reaction mixture were heated for 15 minutes in a boiling water bath and 
again adjusted to 10 ml., and the precipitated protein removed by filtration. 1 ml. 
of this deproteinized filtrate was assayed for ornithine by decarboxylation, as de- 
scribed by Lardy (14). Filtrate was diluted 1:10 for determination of ammonia in 
the Conway cell. 


We. mole | foles pet mole _ Moles per mole 

l 0.88 1.81 0.73 

2 0.88 1.85 0.89 

5 0.48 1.50 0.52 

4 0.56 1.62 0.60 


TaBLeE III 
Ry Values Obtained by Ascending Paper Chromatography of Reaction Mixtures 


&5 per cent methanol 80 per cent ethanol 70 per cent methanol* 


Reaction mixture............... 0.64 0.47 0.50 
Reaction mixture. .............) 0.46 0.30 | 0.12 
| 0.34 0.23 | 


| 


* Contains 20 per cent pyridine and 10 per cent water. The other mixtures con- 
tain 4 per cent triethylamine and water to make 100 per cent. 


sheet studies carried out both with and without buffer indicated that 
buffering is not essential for the reaction to proceed, although the pH rose 
to approximately 9 and citrulline accumulation was favored at the expense 
of ornithine formation when no buffer was used. 

Protein was precipitated from the reaction mixture by the addition of 
100 gm. of trichloroacetic acid dissolved in 100 ml. of distilled water. The 
reaction mixture was permitted to stand overnight in the cold room, the 
protein was filtered off, and the filtrate diluted to 3 liters with distilled 
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water. The diluted filtrate was passed over a 300 gm. column of analytical 
grade IR-100 (contained in a 3 X 140 em. glass column and operating in 
the hydrogen cycle) at a flow rate of 3 ml. per minute. The column was 
flushed with 6 liters of distilled water. Effluent and washings contained 
no citrulline or ornithine and were discarded. 

Citrulline was eluted with 5 per cent aqueous pyridine at a flow rate of 2 
to 3 ml. per minute. The extent of elution was determined by the colori- 
metric diacetyl reaction. The first 3 liters of eluate, containing 1.5 gm. of 
citrulline, were reserved for the isolation of citrulline. The column was 
then washed free of citrulline with 5 per cent aqueous pyridine, as de- 
termined by a negative diacetyl reaction with 5 ml. of effluent. Approxi- 
mately 9 liters of pyridine solution were required. The column was flushed 
with distilled water until the effluent was free of the odor of pyridine. 
Ornithine was then eluted with 4 per cent sulfuric acid until 5 ml. of effluent 
gave a negative ninhydrin reaction for ornithine. The column was then 
flushed free of sulfuric acid with distilled water, and was thus regenerated 
for further use. 

Pyridine was removed from the citrulline fraction by concentration under 
reduced pressure to 100 ml. The flask was rinsed with distilled water and 
the combined concentrate and washings (pH 1 to 2) treated with IR-4B 
(analytical grade) until the pH rose to 6 to 7. The odor of pyridine was 
pronounced, indicating the decomposition of pyridine salts by IR-4B. The 
resin was filtered off and washed with approximately 600 ml. of distilled 
water. Pyridine was removed from the filtrate and washings by concen- 
trating under reduced pressure to 25 ml. The treatment with the resin 
and the vacuum concentration were repeated to remove the last traces of 
pyridine. 

The concentrate (10 ml., pH 6 to’7) was decolorized with 1 gm. of Norit, 
filtered, and evaporated to about 3 ml. on the steam bath. Citrulline was 
precipitated by the addition of absolute ethanol to a final concentration of 
95 per cent. The citrulline crystals were collected on a Hirsch funnel, 
washed with cold absolute ethanol, air-dried, and weighed (900 mg., m.p. 
204-—209°, corrected). 

The impure citrulline was dissolved in 3 ml. of distilled water, absolute 
ethanol was added dropwise to the first appearance of turbidity, and the 
solution permitted to crystallize in the cold room overnight. Citrulline 
precipitated as light, colorless, crystalline platelets which gave the accom- 
panying analyses after washing with ice-cold, absolute ethanol and after 
air drying. 

Sulfuric acid was removed from the ornithine fraction by treatment 
with IR-4B. The resin was filtered off, thoroughly washed, and the com- 
bined filtrate and washings decolorized with Norit. The solution was 
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Found | Reported or theoretical 

M.p., 225-226° with gas evolution (cor- 220-226° (17-19) 

rected ) 
Specific rotation, [a]; = +23°* [a]? = +17.9°* (20) 

| = +22.3-24.2°F (21) 

N, 23.97 | 23.99 
C, 41.21 | 41.13 
H, 7.58 | 7.48 

*In 1 n HCl. 

t In acid. 


concentrated under reduced pressure to approximately 500 ml., again de- 
colorized with Norit, and then treated with saturated sodium hydroxide 
until strongly alkaline to phenolphthalein. The alkaline solution was con- 
centrated under reduced pressure to 100 ml. to remove ammonia and traces 
of pyridine and then benzoylated in the usual manner. 

The impure dibenzoylornithine which precipitated on acidification of the 
benzoylation mixture was filtered, thoroughly washed with distilled water, 
air-dried, and repeatedly extracted with small portions of anhydrous ether. 
The residue from the ether extraction was dissolved in the smallest possible 
quantity of warm ethanol and cooled to room temperature, and water 
added dropwise until a faint permanent turbidity resulted. The precipi- 
tate, which formed on standing in the cold room overnight, was recrystal- 
lized from ethanol-water in the manner just described. The pure diben- 
zylornithine was collected on a Hirsch funnel, air-dried, and analyzed. 


Theoretical. M.p. 183-185° (17); N 8.23, C 67.05, H 5.92 
Found. ‘¢ —184-186° (corrected); N 8.35, C 67.01, H 6.15 


Absence of Other Products—The absence of end-products other than car- 
bon dioxide, ammonia, citrulline, and ornithine was established by balance 
sheet studies. A representative balance sheet is shown in Table IV. All 
the arginine originally present in the reaction mixture was accounted for 
at any time during the reaction as residual arginine, ornithine, citrulline, 
carbon dioxide, and ammonia. These studies were repeated at pH 5.5, 
7.2, and 7.8 and in the absence of buffer with the same general results, 
although the accumulation of citrulline appears to be favored at higher pH 
values and in the absence of buffer. We have made no attempt to explain 
this accumulation of the intermediate. 

Conversion of Citrulline to Ornithine—If citrulline is an intermediate in 
the degradation of arginine, one would expect to demonstrate the break- 
down of citrulline by the test organism. We have found, contrary to the 
work of Woods and Trim (1), that citrulline is attacked by C. perfringens 
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(BP6K). Equimolar quantities of ornithine, ammonia, and carbon dioxide 
are produced from citrulline on incubation with both washed cell suspen- 
sions and suspensions of lyophilized cells. The results of these studies 
are shown in Table V. The data indicate that pH is an important variable 
in the attack on citrulline, since degradation is not significant at pH 7.2, 
but is apparent at pH 6.3. 

Separation of ‘“‘Arginine Desimidase’’—The enzyme that is responsible 
for the degradation of arginine to citrulline has been obtained in sodium 
chloride extracts of lyophilized cells by the following method. 600 mg. of 
lyophilized cells from a 6 hour culture were extracted with 7 ml. of 1 per 
cent sodium chloride for 3 hours at room temperature. The débris was 


TaB_Le IV 
Balance Sheet for Degradation of Arginine by C. perfringens 
Reaction carried out at 37° in phosphate buffer of pH 6.3; final concentration 0.18 
M. Final substrate concentration 12 4m per ml. Final cell concentration 4 mg. per 
ml. All values in the table are moles per mole of arginine originally present. 


| Arginine disappearance CO2z Ornithine Citrulline Ammonia 
| Observed | Calculated* | Observed Observed — Calculatedt 
min. | | 
0.45 0.17 ).23 0.22 0.67 0.68 
60 0.81 0.89 | 0.41 0.52 0.37 | 1.32 1.41 
90 1.00 1.01 0.58 0.59 0.42 | 1.57 1.60 
120 ~=—:1.00 1.04 0.58 0.62 _ 0.42 | 1.57 | 1.6 
180 1.00 1.04 0.58 0.62 0.42 |; 1.87 | 1.6 


* Observed ornithine plus observed citrulline. 
+ 2 times the observed ornithine plus citrulline. 


removed by centrifugation at 0° in the refrigerated centrifuge, and a clear, 
yellow extract was obtained. The extract has also been obtained by grind- 
ing lyophilized cells with aluminum oxide powder. Neither preparation 
was found to attack citrulline within the pH range 5.5 to 7.8 in phosphate 
buffer. Preliminary studies with the sodium chloride extract indicated 
that pH is a critical factor in the attack of arginine by the extract. Incu- 
bations at pH 7.2, 6.8, and 5.5 gave the following values for ammonia pro- 
duction after 3 hours of incubation at 37°: 0.06 mole per mole, 0.64 mole 
per mole, and 0.84 mole per mole of arginine respectively. For this reason 
balance sheet studies with the sodium chloride extract were conducted 
at pH 3.5. 

The preparation was tested as follows: Incubation mixtures containing 
8 uM of arginine per ml. of reaction mixture, buffer, and extract were main- 
tained in Warburg vessels at 37° until the evolution of carbon dioxide had 
ceased. Aliquots were removed and pipetted into 10 per cent trichloro- 
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acetic acid, and filtrates prepared. The determinations of ammonia, resid- 
ual arginine, citrulline, and ornithine were carried out on the filtrates. 
Control determinations with the lyophilized cells from which the extract 
was prepared were carried out in the presence of both arginine and citrulline 


TABLE V 
Degradation of Citrulline by C. perfringens 

Incubation for 3 hours at 37°. Final buffer concentration 0.18 m. Final sub- 
strate concentration 24 um of puL-citrulline per ml. Final cell concentration 6 mg. 
per ml. when washed cell suspensions were used; 12 mg. per ml. when suspensions of 
lyophilized cells were used. All calculations are based on the concentration of the 
Lisomer of citrulline. The values are expressed as moles of product formed per mole 
of citrulline originally present. 


pH of reaction mixture Ammonia CO2 Ornithine 


Incubation with washed cell suspensions 


7.2 0.07 0.08 0.07 
6.3 0.31 0.31 0.34 
5.5 0.41 0.43 | 0.46 
Incubation with suspensions of lyophilized cells 

7.2 | 0.16 | 0.16 | 

6.3 0.46 | 0.50 

5.5 0.57 | 0.51 | 0.58 

TaBLe VI 


Comparison of Effects of ‘‘Arginine Desimidase”’ and Lyophilized Cell Suspensions 
on Arginine and Citrulline 
Incubation for 2 hours at 37° in phosphate buffer of pH 5.5; final concentration 
0.18m. Arginine and citrulline concentrations 3.2 um of L isomer per ml. of reaction 
mixture. Cell extract or suspension 1.0 ml. Final volume of reaction mixture 2.5 
ml. The values are moles per mole of substrate originally present. 


Amount formed P 
Residual 
| Substrate 
Ammonia CO: Citrulline Ornithine 
Arginine substrate 
Desimidase preparation............... 0.93 0 0.89 0 
Lyophilized 1.46 0.43 0.43 0.51 | 0 
Citrulline substrate 
Desimidase preparation............. | @ 0 | —~0 | 


Lyophilized cells ..................... 0.60 0.62 | | 0.65 | 
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as substrates. A control with the extract and citrulline substrate was also 
run. The results of these determinations are given in Table VI. 

The data indicate that the first step in the degradation of arginine by 
C. perfringens (BP6K) results in the formation of equimolar amounts of 
citrulline and ammonia but no carbon dioxide. Attempts to obtain the 
enzyme responsible for the conversion of citrulline to ornithine have been 
unsuccessful. The mechanism whereby arginine is degraded to citrulline 
cannot be established from our data. The hydrolytic removal of the imido 
group of arginine, followed by tautomerization of the intermediate hydroxy| 
compound to citrulline, has been postulated for a similar degradation of 
S. faecalis (7). 


SUMMARY 


The degradation of arginine by Clostridium perfringens (BP6K) has been 
investigated. Evidence obtained with washed cell suspensions, lyophi- 
lized cells, and sodium chloride extracts of lyophilized cells is consistent 
with the idea that the following metabolic pathway is involved: 


Arginine — citrulline + ammonia — ornithine + CO: + NH; 


The exact mechanism involved in each step cannot be stated on the basis 
of our information. Citrulline and ornithine have been identified by colori- 
metric, chromatographic, and isolation procedures. Citrulline and orni- 
thine were both isolated from the same reaction mixture, the former as the 
free base and the latter as the dibenzoy! derivative. The enzyme responsi- 
ble for the degradation of arginine to citrulline has been obtained in sodium 
chloride extracts of lyophilized cells. Citrulline was attacked by both 
washed cell suspensions and by suspensions of lyophilized cells, but at- 
tempts to obtain this enzyme in the cell-free state have been unsuccessful. 
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THE EFFECT OF GROWTH HORMONE AND CORTISONE ON 
THE ACTION OF BOUND INSULIN* 


By WILLIAM C. STADIE, NIELS HAUGAARD, anv JULIAN B. MARSH 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, March 13, 1952) 


There is abundant evidence that pituitary and adrenal cortical hormones 
influence insulin so as to produce marked alterations in its customary action 
on tissue metabolic patterns. There is little doubt that this reciprocal 
influence is manifest in many types of tissue and is particularly well estab- 
lished in the cases of liver and muscle. 

The injection of pituitary or adrenal hormones into normal hypophysec- 
tomized, or adrenalectomized animals is also known to influence the action 
of insulin on the metabolism of various organs. Evidence is accumulating 
which strongly suggests that growth hormone is the pituitary principle 
which in the main is responsible for effects on carbohydrate metabolism. 
The possibility, however, that other pituitary principles may so act cannot 
be excluded. A variety of adrenocortical hormones are reported to influ- 
ence different aspects of carbohydrate metabolism, but cortisone appears 
to be the most potent one. 

The rat diaphragm, first shown by Gemmill (1) to synthesize extra gly- 
cogen from glucose in the presence of insulin, has been extensively used to 
demonstrate interhormonal effects on glucose uptake or glycogen synthesis. 
Nelson (2) first showed that prior injection of pituitary extract diminished 
the subsequent synthesis of glycogen by rat diaphragm in vitro. Park and 
Krahl (3) reported that injection of certain pituitary fractions depressed 
the glucose uptake in vitro by diaphragm from normal, hypophysectomized, 
and hypophysectomized-adrenalectomized rats, but that this depression 
was counteracted by insulin. Krahl, in a comprehensive but brief review 
of the recent literature (4), discussed extensive studies on the effects of 
pituitary and adrenal hormones on the action of insulin on glucose uptake 
by the rat diaphragm in vitro. 

Attempts to demonstrate hypersensitivity of the isolated diaphragm of 
the hypophysectomized rats to insulin have been reported. Early reports 
have been negative (Perlmutter and Greep (5), Krahl and Park (6), Stadie, 
Haugaard, Hills, and Marsh (7)). Bornstein and Nelson (8), using rats 14 


* Supported in part by grants-in-aid from the National Institutes of Health, 
United States Public Health Service, and the Insulin Grants Committee of the Lilly 
Research Laboratories. 
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days after hypophysectomy, reported an insulin effect on glycogen synthe- 
sis about double that in normal animals. 

Bornstein and Trewhella (9) studied glycogen synthesis with diaphragms 
from normal, diabetic, diabetic-hypophysectomized, diabetic-adrenalec- 
tomized, and diabetic-hypophysectomized-adrenalectomized rats. They 
found marked alterations in glycogen synthesis in all cases, which were 
counteracted by insulin. In no case, however, was the action of insulin 
enhanced above normal. They also concluded that pituitary and adrenal 
factors acted synergistically in opposing insulin action. 

In a previous communication (10) Stadie, Haugaard, and Marsh de- 
scribed a new phenomenon: a rat hemidiaphragm momentarily dipped in 
an insulin solution subsequently responded by an increased synthesis of 
glycogen from glucose. Since this effect persisted after prolonged washing 
of the diaphragm and, as shown by controls, could not be due to insulin in 
solution, it was concluded that insulin during the brief preliminary period 
was bound to the diaphragm by forces not yet understood and in this bound 
form exhibited its customary effect on metabolic reactions. More recent 
work (11) with insulin labeled with S** and I'*! has confirmed this concept. 
By this method it was shown that the action of the bound insulin was 
greatly increased in hypophysectomized rats. 

In this paper we report more detailed studies on the action of insulin on 
the rat diaphragm, extending our studies to include adrenalectomized as 
well as hypophysectomized rats, and also the effect of injected growth hor- 
mone or cortisone alone or in combination. The experiments illustrate the 
usefulness of this new method for studying interhormonal effects on carbo- 
hydrate metabolism and bring out in a striking way the hypersensitivity of 
the hypophysectomized rat diaphragm to insulin and also the synergy of 
growth hormone and cortisone in opposing insulin action, a problem about 
which there is still much controversy. 


Methods 


The techniques used in the study of the effect of bound insulin on the 
synthesis of glycogen by the rat diaphragm follow closely those described 
in previous communications (10). 

Normal, adrenalectomized, and hypophysectomized rats were used and 
the effect of prior injection of growth hormone and cortisone into these 
animals on the response of the isolated diaphragm to bound insulin was 
studied. The assay for the activity of the bound insulin was always carried 
out in the same way; viz., a hemidiaphragm was equilibrated in a phos- 
phate-saline medium containing 0.1 unit per ml. of insulin for 1 minute. 
It was then washed twice for 30 seconds each in 25 ml. of medium and 
finally equilibrated at 38° for 90 minutes in a phosphate-saline medium, at 
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pH 6.8, containing 0.4 per cent glucose (gas phase, oxygen). The final 
glycogen content was determined. The control, paired hemidiaphragm 
was carried through the same steps except for the omission of insulin. The 
difference between the final glycogen content of the experimental and con- 
trol hemidiaphragms is called the insulin effect. It is given in micromoles 
of glucose equivalents per gm. of wet weight per 90 minutes. 

The normal rats were albino rats of the Wistar strain. Adrenalectomies 
were carried out under ether anesthesia and the animals were maintained 
for 5 to 7 days with salt added to the drinking water before being used for 
the experiments. The hypophysectomized rats were obtained from the 
Hormone Assay Laboratories of Chicago and were of the Sprague-Dawley 
strain. We have shown previously that similar results were obtained in 
our experiments with the two strains of rats. They were used 5 to 8 days 
after operation. 

The preparations of growth hormone (Lot 22KR1) were obtained from 
the Armour Research Laboratories through the courtesy of Mr. I. Bun- 
ding. Cortisone acetate was obtained from the Research Laboratories of 
Merck and Company. ‘The hormones were administered intraperitoneally 
in saline solutions or suspensions. 

All animals were fasted 24 hours before being used in the experiments, 
except for the adrenalectomized and hypophysectomized rats. We have 
not found any significant differences in the insulin effect on glycogen syn- 
thesis between fasted and fed rats. 


Results 


The results are summarized in Table I, together with a statistical analysis 
outlined in the table. The significance of the mean values in the various 
categories is evaluated by P, the probability obtained from Fisher’s ¢ test 
that the differences are due to sampling errors. 

Normal Rats—Injection of 2 to 7 mg. of growth hormone 14 hours prior 
to the experiment or 0.2 mg. of cortisone 5 hours previously caused a sig- 
nificant decrease of the insulin effect on glycogen synthesis. This is in 
conformity with our earlier experiments (10). 

Hypophysectomized Rats—The response of the diaphragm to combined 
insulin is greatly increased over that of the normals. However, the injec- 
tion of growth hormone or cortisone separately has no effect; when injected 
together, the insulin effect is significantly decreased to the level observed 
in normals. 

Adrenalectomized Rats—No change in insulin action resulted from adre- 
nalectomy alone. The injection of growth hormone caused no change in 
the insulin effect, but, when it was injected with cortisone, there was a 
significant decrease. Cortisone alone appeared to result in a small but 
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significant increase rather than decrease, a result which at the moment ig 
difficult to explain. 


TABLE I 
Effect of Prior Injection of Growth Hormone (14 Hours) and Cortisone (6 Hours) on 
Action of Bound Insulin in Synthesis of Glycogen from Glucose by Isolated 
Diaphragms from Normal, Hypophysectomized, or Adrenalectomized Rats 


N = | Insulin ‘Standard| ? 
Treatment —§ Dose | | P} 
| group 
| 
Normal None | 6% | 7.7 | 4.1 | 
Growth hor- 2-7) 34 | 5.3 | 2.9 | —2.4 |<0.01 
mone | | | | 
Cortisone 15 | 3.3 | 2.9 —4.4 <0.001 
Hy pophysectomized None | 25 |) 13.6 | 4.3 +5.9§ <0.001 
Growth hor- | 2-7 15 | 12.0 | 5.0 —1.6 | 
mone 


Cortisone 0.2 10 | 14.1 7.6 | 405 | 
Growth hor- | 2-7 | | 


mone 6 8.8 1.0 —4.8 (<0.02 
+ cortisone | 
Adrenalectomized None | 16 7.6 | 3.8 —0.1§ } 
Growth hor- 2-7 7.9 | 3.7 70.3 | 
mone | | 


Cortisone 0.2, 16 | 10.9 | 5.9 | +3.3 <0.05 
Growth hor- | 2-7 | 
mone | 4.2 2.9 —3.4 ,<0.05 
+ cortisone 0.2. 
Pooled standard | 
deviation 


4.29 


* Difference between final glycogen (micromole glucose equivalents per wet gm.) 
of insulin-treated and control hemidiaphragms. 


{ Standard deviation = /2(X — X)*/(N — 1). 

t Probability by Fisher’s t test that the mean difference is due to sampling error 
when the pooled standard deviation is used to calculate the standard error of the 
mean difference; 1.e., 4.2 V (1/N1) + (1/N2). 

§ Difference from ‘‘none”’ of normals. 

|| Not significant. 


{ Pooled standard deviation = ~/==(X — X)?/Z(N — 1). 


DISCUSSION 


The experiments reported here demonstrate that the action of insulin on 
the metabolism of isolated muscle is influenced by the endocrine state of 
the experimental animal. The striking increase of insulin action in the 
hypophysectomized rats is in conformity with the well known hypersensi- 
tivity to insulin of this endocrine state. This observation again is evidence 
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against the hypothesis that the action of insulin is to release an inhibitory 
action of the pituitary hormone. The finding that in adrenalectomized 
or hypophysectomized rats it is necessary to administer these substances 
together in order to decrease the effect of the bound insulin supports the 
conclusion that these hormones act synergistically in opposing the action 
of insulin. The synergy of these two hormones is in accordance with other 
evidence in the literature (4, 12). On the other hand de Bodo et al. (13) 
have reported experiments in hypophysectomized dogs in which the contra- 
insulin activity of growth hormone alone was demonstrated. Reconcilia- 
tion of these two points of view must await further experiments, but it 
must be pointed out that differences of animal species, tissue studied, and 
mode of measuring the contra-insulin action of growth hormone are also 
included in these contradictory experiments. 

Whatever the explanation of our experimental results may be, we feel 
that they support the concept that a pituitary hormone in conjunction 
with adrenal cortical hormones opposes the action of insulin in the periph- 
eral tissue. Such a concept is in accord with most of the evidence obtained 
from studies of the intact animal. 

The mechanism of this contra-insulin action remains unknown. We have 
previously pointed out that our experiments showing hormonal effects on 
bound insulin do not allow us to distinguish between two possibilities; v7z., 
(a) when the endocrine balance is altered, the tissue binds the same amount 
of insulin as in the normal state, but there is an inhibition of the action of 
insulin per unit mass bound, or (b) the hormones act competitively so that 
the binding of insulin by the tissue is inhibited. Accordingly, although the 
actwity of the insulin per unit mass bound is unaltered, the amount is di- 
minished and there is an apparent inhibition of insulin action. The dis- 
tinction between these two possibilities is of fundamental importance in the 
problem of interaction and is being studied here by the use of labeled in- 
sulin preparations. 

SUMMARY 


1. With the action of bound insulin as a criterion it was shown that the 
isolated rat diaphragm of the hypophysectomized rat synthesizes an extra 
amount of glycogen. This is in accord with the well known ‘“‘hypersensi- 
tivity” of the hypophysectomized animal to insulin. Adrenalectomy pro- 
duced no change. 

2. In the case of hypophysectomized and adrenalectomized rats, prior 
injection of both growth hormone preparation and cortisone was required 
to decrease the accelerating action of bound insulin as measured by the 
glycogen synthesis by rat diaphragms tn vitro. 

3. The significance of these findings, particularly the synergy between 
the two hormones, is discussed. 
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THE ARGININE DIHYDROLASE SYSTEM OF STREPTOCOCCUS 
FAECALIS 


I. IDENTIFICATION OF CITRULLINE AS AN INTERMEDIATE 


By EVELYN L. OGINSKY ano ROBERT F. GEHRIG 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, March 20, 1952) 


Various streptococci are known to form ornithine from arginine with 
the concomitant release of NH; and CO, (1, 2). Hills (1) demonstrated 
that 2 moles of NH; and 1 of CO, were produced per mole of arginine by 
washed cell suspensions of Streptococcus hemolyticus and Streptococcus fae- 
calis. Since these organisms under the conditions employed did not attack 
added urea or citrulline, the mechanism of action was considered by Hills 
to involve breakdown of urea bound to enzyme surface. The enzyme 
system involved was named arginine dihydrolase. Horn (3) found that 
Bacillus pyocyaneus (Pseudomonas aeruginosa) converted arginine to citrul- 
line during growth on a synthetic medium. More recently Sekine (4) re- 
ported the formation of citrulline and NH; from arginine by S. faecalis 
during growth; citrulline was also reported to be decomposed with the 
release of 

The present paper establishes the formation of citrulline as an interme- 
diate in the arginine dihydrolase system of S. faecalis and that at least two 
enzymes are involved. The preparation of cell-free extracts capable of 
conversion of arginine to citrulline and NH; is reported. 


EXPERIMENTAL 


S. faecalis strain F24 was maintained in stock culture on tryptone-yeast 
extract agar. The organisms were grown in broth containing | per cent 
tryptone, | per cent yeast extract, 0.5 per cent K,HPOx,, and 0.1 per cent 
dextrose for 16 hours at 37°. The cells were removed by Sharples centrifu- 
gation, washed with 0.033 m phosphate buffer, pH 6.5, and resuspended in 
the same buffer at a final concentration of 1 mg. of bacterial nitrogen per 
ml. Acetone-dried preparations were made by suspending washed cells in 
about 30 volumes of ice-cold acetone, filtering on a Biichner funnel, and 
vacuum drying over Drierite. Cell-free extracts were obtained either by 
exposure of heavy cell suspensions to ultrasonic oscillation from a crystal 
generator (‘“‘ultrasonorator’’) in an oil bath at 700 ke. per second, at 300 
watts input for 30 minutes, or by extraction of acetone-dried preparations 
with 0.033 m phosphate buffer, pH 6.5, for 1 hour at room temperature, 
with shaking, followed by overnight storage in the refrigerator. After 
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either ultrasonic disintegration or buffer extraction, the suspensions were 
centrifuged for 15 minutes at 20,000 K g at 0°. The supernatant extracts 
were held at 0° until used. Protein content of these extracts was ceter- 
mined by the biuret reaction. 

The Lt isomers of the amino acids were used.' Citrulline was deter- 
mined by Archibald’s (6) method. NH; was distilled from 5 per cent 
NaOH into 4 per cent borate, and back-titrated with 0.0033 x H.SO,. CO, 
production was measured in the Warburg apparatus, with nitrogen as 
the gas phase. The reactions were run in 0.067 mM phosphate buffer, pH 
6.0, with 0.2 ml. of 4 N H.SO, tipped in at the end of the reaction interval 
to release bound CO,. All the determinations reported were corrected 
for the low endogenous and zero time values. 


Results 


Incubation of washed cell suspensions with arginine resulted in rapid 
production of NH; and CO,, but citrulline was only very slowly attacked 
(Fig. 1, A). However, citrulline was readily attacked by acetone-dried 
preparations (Fig. 1, B). The low rate of attack on citrulline by whole 
cells was therefore apparently due to impermeability of the cell wall. 
No CO, release from urea, glycocyamine, guanidine, or creatine by either 
whole or acetone-dried cells was observed. 

Evidence that citrulline was the actual intermediate in arginine break- 
down by these bacteria was obtained through the use of cell-free prepara- 
tions. Ultrasonic disintegration, or buffer extraction of acetone-dried cells, 
released an enzyme capable of rapid and complete conversion of arginine 
to citrulline and NH3, as shown in Fig. 2. Citrulline was further identified 
by paper strip chromatography by using the single strip method of Tennent 
et al. (7), with 80 per cent pyridine-water for development (8) and 0.1 
per cent ninhydrin in H,O-saturated n-butanol for location of the amino 
acids. In single or mixed chromatographs, arginine showed an Ry, of 
0.11, and citrulline an R, of 0.25. Development of 0.01 ml. of the reaction 
mixtures taken at the sampling times in Fig. 2 showed that arginine and 
citrulline were both present up to 150 minutes of incubation, but that 
only citrulline was present thereafter. Citrulline was not attacked under 
the conditions employed, nor could urea be detected during arginine break- 
down by these cell-free extracts. 

It was apparent that the “arginine dihydrolase” system, as reported 
by Gale and Hills, consisted of at least two enzymes, one of which, ob- 
tainable in the cell-free state, converted arginine to citrulline. Detailed 


1 ,-Arginine HCl was obtained from Merck and Company, Inc. L-Citrulline was 
kindly supplied by Dr. P. P. Cohen and was also prepared by way of the copper 
salt of L-citrulline formed enzymatically from L-arginine (5). 
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Fig. 1. Activity of intact and acetone-dried cells on arginine and citrulline. 
4, 1.0 ml. of 0.2 m phosphate buffer, pH 6.0, 0.2 ml. of cell suspension (0.2 mg. of 
bacterial N), 40 um of substrate. B, 1.0 ml. of 0.2 m phosphate buffer, pH 6.0, 10 mg. 
of acetone-dried cells, 20 um of substrate. All the flasks were gassed with N2 for 10 
minutes, then equilibrated 10 minutes prior to substrate addition; incubation at 37°. 
H.SO, tipped in at point shown by arrows. 
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Fic. 2. Rate of formation of citrulline and NH; from arginine by cell-free extract. 
Replicate tubes containing 1.0 ml. of phosphate buffer, pH 6.2, 0.2 ml. of extract 
(0.3 mg. of protein), and 40 ue of arginine in a total volume of 3 ml. Temperature, 
37°; gas phase, air. Reaction stopped at indicated times with 0.2 ml. of 70 per cent 
perchloric acid, and supernatants assayed. 
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studies on this enzyme are described in the second paper of this series (5), 
Since acetone-dried cells could attack the citrulline thus formed, Reactions 
1 and 2 could be run in sequence: 


(1) Arginine — citrulline + NH, 
(2) Citrulline — ornithine + NH; + CO, 
NH, 
an 
= 40 
i \ CITRULLINE 
4 ‘e 
/ \ 
/ 
90 


270 360 
MINUTES 

Fic. 3. Arginine breakdown via citrulline by stepwise reaction. 1.0 ml. of 0.2 
phosphate buffer, pH 6.0, 0.4 ml. of cell-free extract, 40 um of arginine in seven War- 
burg flasks. Temperature, 37°; gas phase, Ne. Reaction stopped with 0.2 ml. of 
70 per cent perchloric acid in three flasks at 60, 120, and 180 minutes respectively. 
20 mg. of acetone-dried cells tipped in each of four remaining flasks at 180 minutes. 
0.2 ml. of 4 N H2SO, tipped in at 225, 270, 330, and 390 minutes respectively to release 
bound CO:2; 0.2 ml. of 70 per cent perchloric acid added. All the data corrected for 
parallel series without substrate. 


Fig. 3 shows the data obtained when cell-free extract obtained by ultra- 
sonic disintegration was first allowed to convert arginine completely to 
citrulline. Acetone-dried cells were then tipped in from the side arm, 
and the reaction allowed to proceed to equilibrium. Although Reaction | 
was consistently carried to completion by the cell-free extracts, Reaction 2 
has not yielded more than 80 per cent of the theoretical amount of NH; 
and CO.. The difference between actual and theoretical yield could be 
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accounted for by the citrulline remaining. The addition of arginine to 
intact cells or acetone-dried cells under the conditions employed resulted 
in almost complete desimidation to citrulline, but incomplete conversion 
of the latter to ornithine, NH3, and CO,. As reported in Table I, the 
total NH3:CO, ratios were therefore over 2:1, but if a correction for 
NH; production from arginine desimidation was applied, the NH ;:CO, 
ratio from citrulline decomposition was 1:1, as shown by the last column 
of Table I. Actually, during the first 30 minutes the NH3:CO, ratio was 


TaBLeE 
Comparison of NH;, COz, and Citrulline Formation from 40 pm of Arginine by Intact 
Cells 
| Total | 
CO2 NHsz 
Experiment No. wane Arginine Arginine | Uncer-| Con 
CO2 NH; Citrulline “rected | rected* 
min, uM uM uM 
] | 225 27.6 | 65.1; 8.0 0.69 1.63 2.36 1.08 
2 | 165 30.3 65.6 | 6.2 0.76 1.64 2.16 0.96 


The Warburg flasks contained 1.0 ml. of 0.2 m phosphate buffer, pH 6.0, 0.2 ml. 
of cell suspension (0.2 mg. of bacterial N), 40 um of arginine in a total volume of 3 
ml. Temperature, 37°; gas phase, N2. 0.2 ml. of 70 per cent perchloric acid added 
at the end of the reaction interval; flask contents centrifuged, and supernatants 
assayed for citrulline and NH;. All the data are averages of duplicate flasks. 

* Correction applied by subtraction of the sum of micromoles of citrulline plus 
CO, (7.e., total micromoles of citrulline formed) from the total micromoles of NH; 
to give micromoles of NH; from Reaction 2 only. 


found to be over 3:1, but it then dropped to >2:1 and remained there 
during the course of the reaction. 

The reasons for the incomplete conversion of citrulline were further 
investigated. If a cell suspension was allowed to act on arginine until 
CO, production ceased and then more arginine was added, CO: production 
was resumed and total CO, from the second addition of substrate was 
equal to that from the first. The addition of 10, 20, or 30 um of arginine, 
instead of the usual 40 uM, did not result in any case in theoretical CO. 
or NH; production, and citrulline accumulated even with 10 uM of arginine. 
These results indicate that neither destruction of the enzyme nor ac- 
cumulation of toxic end-products was responsible for the incomplete break- 
down of citrulline. Hills (1) and Niven et al. (9) also reported that NH; 
production from arginine was less than theoretical, with some strains of 
streptococci. 
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DISCUSSION 


The mechanism of breakdown of arginine by S. faecalis differs from that 
by the arginase of mammalian liver. The bacterial system involves citrul- 
line as an intermediate, and thus resembles the mechanism for arginine 
synthesis in the mammal. The failure of whole cells to attack citrulline, 
which in earlier studies had argued against this pathway, appears to 
result from permeability phenomena, since acetone-dried cells attack citrul- 
line as well as arginine. More clearly, separation of the enzyme named 
arginine desimidase by Horn (3), which forms citrulline and NH; from 
arginine, demonstrates that at least two enzymes are involved in the 
formation of ornithine, NH; and CO, by these bacteria. 

The second enzyme system, which catalyzes the breakdown of citrulline, 
has not been obtained in the cell-free state, and appears to be complex. 
It is not known whether the breakdown of the carbamido group follows 
pathways similar to those involved in its synthesis by liver mitochondria, 
where carbamyl-L-glutamic acid is involved (10, 11). Further experi- 
mentation may demonstrate that the enzyme system acting on citrulline 
also involves more than a single enzyme. 


SUMMARY 


Acetone-dried cells of Streptococcus faecalis formed NH; and CO, from 
citrulline as rapidly as from arginine, although intact cells showed only a 
very slow breakdown of citrulline as compared to arginine. 

Cell-free extracts, which contained an enzyme forming equimolar (uan- 
tities of citrulline and NH; from arginine, were obtained by ultrasonic 
disintegration of resting cell suspensions or by phosphate buffer extraction 
of acetone-dried cells. ‘These and other results indicate that citrulline 
is an intermediate in the arginine dihydrolase system. 


Addendum—Since this paper was submitted for publication, it has been noted 
that Akamatsu and Sekine (12) reported data substantiating the same conclusions. 
More recently, Knivett (13) and Schmidt, Logan, and Tytell (14) have described 
similar results. 
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THE ARGININE DIHYDROLASE SYSTEM OF STREPTOCOCCUS 
FAECALIS 


II. PROPERTIES OF ARGININE DESIMIDASE 


By EVELYN L. OGINSKY ann ROBERT F. GEHRIG 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, March 20, 1952) 


The preparation of cell-free extracts of Streptococcus faecalis strain F24 
capable of forming L-citrulline and NH; from L-arginine has been reported 
in the preceding paper (1). The enzyme from Bacillus pyocyaneus (Pseu- 
domonas aeruginosa) that carries out this reaction was named arginine 
desimidase (2); consequently, we have adopted this name for the enzyme 
from S. faecalis. The present paper reports several properties of this cell- 
free enzyme. 


EXPERIMENTAL 


The cultural conditions of the organism, the method of preparation by 
ultrasonic disintegration of the enzyme-containing extracts, the sources of 
L-arginine and L-citrulline, and the assay methods for citrulline and NH; 
were the same as those previously reported (1). In some experiments, NH; 
was determined by Russell’s colorimetric method (3). The L-arginine HCl 
was adjusted to pH 6.0 with KOH before use. The experiments were 
carried out in test-tubes containing 1.0 ml. of 0.2 mM phosphate buffer of 
appropriate pH, 0.1 or 0.2 ml. of cell-free extract, and water to 2.8 ml. 
After incubation at 37° for 5 minutes, the substrate in 0.2 ml. volume was 
added, and the mixtures incubated for the stated interval. The reactions 
were stopped with 0.2 ml. of 70 per cent perchloric acid. After centrifuga- 
tion, appropriate aliquots of the supernatants were assayed for citrulline 
and NH;. Good agreement between the assays for both end-products was 
obtained, but for convenience only the data on citrulline are reported in 
most cases. Aerobic incubation was employed, since no increased rate 
under anaerobic conditions (N2) was observed. 


Results 


Effect of pH on Enzyme Activity—Arginine desimidation by the cell-free 
extract occurred optimally at pH 6.8 (Fig. 1). The activity of the extract 
in acetate or borate buffers indicated that the addition of inorganic phos- 
phate was not necessary for the reaction. 

Effects of Enzyme and Substrate Concentration—The rate of reaction was 
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dependent on the concentration of extract used (Fig. 2). The effect of 
substrate concentration was difficult to measure, because, with low levels 
of extract (7.e., 250 y of total protein), the enzyme was saturated at 2 ux 
arginine, forming 1.1 uM citrulline in 15 minutes, with larger amounts of 
arginine producing only little more citrulline during the same interval. 
The reproducibility of the citrulline assay below 0.6 um per 3 ml. was poor, 


= ° 
4 
20Fr e 
“XN 
3 4 
= re) 
4.0 60 80 


Fic. 1. Effect of pH on arginine desimidase activity. 1.0 ml. of 0.2 mM buffer, 40 um 
of arginine, and 0.2 ml. of enzyme solution (500 y of protein) in a total volume of 
3 ml. Temperature, 37°; incubation time, 60 minutes. Buffers, pH 4.1 to 5.5, 
CH;COONa-CH;COOH; pH 5.8 to 7.7, KzHPO,-KH2PO;; pH 8.0 to 8.4, NaOH. 
H;BO;. 


so that the effect of lower concentrations of arginine on the rate of reaction 
could not be determined with accuracy. 

Effect of Metal Ions—When a crude enzyme extract was subjected to 
dialysis for 18 hours against distilled water at 0°, no loss in activity resulted. 
Further prolonged dialysis was not carried out. The effect on an undi- 
alyzed extract of several metal ions at final concentrations of 0.001 M 1s 
reported in Table I. 

Effect of Enzyme Inhibitors—Various inhibitors were incubated with the 
enzyme in buffer for 10 minutes prior to the addition of arginine. The 
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Fig. 2. Effect of enzyme concentration on rate of citrulline formation. 1.0 ml. 
of 0.2 mM phosphate buffer, pH 6.0, 40 um of arginine, varying amounts of enzyme solu- 
tion in a total volume of 3 ml. Temperature, 37°. Curve A, 0.05 ml. of enzyme 
or 100 y of protein; Curve B, 0.1 ml. of enzyme or 200 y of protein; Curve C, 0.2 ml. 
of enzyme or 400 y of protein; Curve D, 0.3 ml. of enzyme or 600 + of protein. 


TABLE 
Effect of Metal Ions on Arginine Desimidase 


Addition | Citrulline A 

| uM per hr. per cent 


1.0 ml. of 0.2 m phosphate buffer, pH 6.8, 40 un of arginine, 0.1 ml. of enzyme solu- 
tion (250 y of protein), metal ions at 0.001 m final concentration. Total volume 
3ml. Incubation of enzyme and metal ions for 10 minutes prior to arginine addition, 
60 minutes after addition. 
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results are shown in Fig. 3. The data on semicarbazide are based solely 
on NH; determinations, since this compound also reacted with diacetyl, 
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Fic. 3. Effect of inhibitors on arginine desimidase activity. 1.0 ml. of 0.2 
phosphate buffer, pH 6.8, 40 um of arginine, 0.1 ml. of enzyme solution (250 y of 
protein), and inhibitor concentrations as indicated in a total volume of 3 ml. In- 
cubation at 37° of enzyme and inhibitor in buffer for 10 minutes prior to arginine 
addition, 60 minutes after addition. Curve 1, cyanide; Curve 2, arsenite; Curve 3, 
arsenate; Curve 4, hydroxylamine; Curve 5, fluoride; Curve 6, semicarbazide. 

TABLE II 
Inhibition of Arginine Desimidase by Canavanine 


it-Canavanine Citrulline 

uM | uM per hr. 
None 3.2 
1.0 | 1.9 
2.5 
5.0 1.5 
10.0 1.4 
25.0 1.0 
50.0 0.7 
100.0 0.4 
250.0 0.0 


1.0 ml. of 0.2 M phosphate buffer, pH 6.8, 5 wm of arginine, 250 y of lyophilized 
cell extract, canavanine in indicated amounts. Total volume 3 ml. Incubation 
of enzyme and canavanine for 10 minutes prior to arginine addition, 30 minutes 
after addition. 


The samples containing hydroxylamine were assayed only for citrulline. 
None of the other inhibitors interfered with either determination at the 
highest concentration employed. 
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Effect of u-Canavanine—Since canavanine, a structural analogue of ar- 
ginine, is decomposed by arginase to canaline and urea (4), the action of 
arginine desimidase on this compound was investigated. A lyophilized 
buffer extract of acetone-dried cells (1) was employed as the enzyme source. 
Incubation in M/15 phosphate buffer, pH 6.8, for 30 minutes resulted in 
no decomposition of canavanine, as measured by NH; or carbamido group 
assay. However, the desimidation of arginine was markedly inhibited by 
eanavanine (Table II), even at low concentrations. 

Effect of Supplementatton—No increase in the rate of citrulline or NH; 
formation was observed on the addition to 0.1 ml. of crude enzyme (250 
y of protein) of 3 um of adenosinetriphosphate (ATP), 25 y of biotin, 25 
y of biotin and 3 um of ATP, 5 mg. of Difco yeast extract, or 5 y of pyri- 
doxal phosphate. 


Identification of u-Citrulline As End-Product 


3 ml. of cell-free extract, containing 7.5 mg. of protein, were incubated 
with 20 ml. of 0.2 m phosphate buffer, pH 6.0, and 3 gm. of L-arginine HCl 
adjusted to pH 6.0, in a final volume of 48 ml. at 37° for 94 hours. At this 
time, the Sakaguchi reaction was only faintly positive. The reaction mix- 
ture was heated for 10 minutes at 100°, then centrifuged at 20,000 x g at 
0° for 45 minutes. The copper salt method (6) for isolation of pL-citrulline 
was used, with some modifications, particularly the insertion of a barium 
precipitation of the buffer phosphates. Citrulline, 340 mg., [a];’ = +18.0° 
(C = 0.0515 gm. per ml. in 1 M HCl),? m.p. 200—202° (uncorrected), was 
obtained in 14 per cent of the theoretical yield. The rotation agrees with 
that of L-citrulline found under the same conditions by Gornall and Hunter 
(7). Melting points of pL- or L-citrulline are given variously as 215—216° 
(Gornall and Hunter (7)), 218—220° (Kurtz (8)), and 226° (Wada (9)), 
although Fox (6) reported a range of 200—218° for preparations of DL-cit- 
rulline. The t-citrulline isolated by the method described above was de- 
composed by acetone-dried cells of S. faecalis, as previously reported (1). 
The use of arginine desimidase thus offers a convenient method of prepara- 
tion of L-citrulline, and higher yields than here reported should be obtain- 
able. Ultrasonic disintegration of a cell suspension of P. aeruginosa also 
produced an active arginine desimidase extract, so that at least two bac- 
terial sources of the enzyme are available. 


! We are indebted to Dr. J. P. Conbere of the Research Laboratories of Merck and 
Company, Inc., for the sample of L-canavanine, isolated from jack bean meal by 
Cadden’s method (5). 

? We are grateful to Miss Angela Bornn of the Research Laboratories of Merck 
and Company, Inc., for determination of the optical activity. 
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DISCUSSION 


The enzymatic decomposition of L-arginine to L-citrulline by these bae- 
terial extracts presents several points of difference from the enzymatic 
synthesis of arginine from citrulline by mammalian liver homogenates (10, 
11). The primary distinction between the two is the lack of dependence 
of the hydrolytic bacterial enzyme on phosphate bond energy, since the 
presence of ATP or inorganic phosphate, or aerobic incubation, had no 
effect on the rate of reaction. Actually, the extracts used did not take up 
oxygen in the presence of substrates oxidized by whole S. faecalis cells. 
Further, no evidence has been obtained that the NH; derived from the 
imide group is transferred to an intermediate such as a-ketoglutaric or 
fumaric acid, prior to liberation as free N Hs. 

The inhibition of arginine desimidase by arsenite, hydroxylamine, and 
semicarbazide suggested that a carbonyl group might be involved. It was 
considered therefore that pyridoxal phosphate might serve as coenzyme for 
the reaction; however, the addition of pyridoxal phosphate to crude en- 
zyme extract did not increase the reaction rate. Attempts at resolution 
and activation of the enzyme have not thus far been successful. 

Although L-canavanine was found to inhibit the growth of wild type 
Neurospora (12), Escherichia coli, and several lactobacilli (13), it exerted 
no effect on growth of arginine-requiring S. faecalis R (13). Its lack of 
activity on the latter organism is probably not due to decomposition by 
arginine dihydrolase, as suggested by Volcani and Snell (13), since canava- 
nine is not attacked by arginine desimidase under the conditions employed. 
On the other hand, canavanine inhibition of this enzyme suggests a possible 
relationship with its inhibition of microbial growth. * 


SUMMARY 


Arginine desimidase, an enzyme catalyzing the hydrolysis of L-arginine 
to L-citrulline and NHs3, was obtained by ultrasonic disintegration of Strep- 
tococcus faecalis, strain F24. The enzyme exhibited a pH optimum of 68, 
and was inhibited by Hg*+*, Cu*+*, Mgt, and Zn* at 0.001 m concen- 
tration. Marked inhibition by arsenite, hydroxylamine, and semicarba- 
zide and weak inhibition by cyanide and arsenate were also observed. 
L-Canavanine was not attacked, but rather exerted marked inhibition of 
arginine desimidation. 

The reaction rate was independent of the presence of inorganic phos- 
phate, ATP, or oxygen. Additions of yeast extract, biotin, or pyridoxal 
phosphate were ineffective in increasing the rate of L-citrulline and NH; 
formation from L-arginine by the crude extracts used. 
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ISOLATION AND DETERMINATION OF STRUCTURE OF A NEW 
AMINO ACID CONTAINED WITHIN THE TOXIN OF 
PSEUDOMONAS TABACI 


By D. W. WOOLLEY, G. SCHAFFNER, anp ARMIN C. BRAUN 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, March 20, 1952) 


When the phytopathogenic toxin of Pseudomonas tabaci, the causative 
agent of wildfire disease of tobacco, is hydrolyzed with strong HCl, a nin- 
hydrin-positive substance is produced (1). Because this substance moved 
on paper chromatograms more slowly than the recognized a-amino acids! 
and because of its ready destruction by chloramine-T, the tentative con- 
clusion was reached that hydrolysis of this toxin liberated a previously 
unknown amino acid. The object of this paper is to describe the isolation 
of this new amino acid in pure form and to tell of the determination of its 
structure as a, e-diamino-6-hydroxypimelic acid. Because this amino acid 
is contained within the toxin of P. tabaci, the short, trivial name tabtoxinine 
is proposed for it. 

The structure was established in the following manner. Elementary 
analyses showed that the isolated substance corresponded to the formula 
C;HyOsNe2. Aqueous solutions of it were neutral. Measurement of car- 
bon dioxide evolved showed that practically all the nitrogen was estim- 
able by the decarboxylation procedure with ninhydrin, and this behavior 
strongly indicated that the nitrogen atoms were present as amino groups 
situated a to carboxyl groups. These facts suggested that the new com- 
pound was a hydroxydiaminopimelic acid, and this seemed to correlate 
well with its migration on paper strips. Work (2) has recently described 
the isolation of a, e-diaminopimelic acid from hydrolysates of the diphtheria 
bacillus, and has shown that it migrates slowly on paper strips developed 
with phenol. The finding that our new compound (which differed in 
empirical formula from that of Work by only 1 oxygen atom) moved even 
more slowly (Ry 0.10 in phenol saturated with water) was enough to sug- 
gest that it might be a hydroxydiaminopimelic acid. This proved to be 
the case. 

The position of the hydroxyl group was established as being adjacent to 
one of the amino groups by the use of sodium periodate. This reagent 
rapidly destroyed the new amino acid and 1 equivalent of periodate was 
consumed in the process. After this reaction a small amount of a sub- 


' Although cysteic acid had A» values close to those of the unknown, the substance 
was previously shown not to be cysteic acid (1). 
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stance was found which moved on paper chromatograms as did glutamic 
acid. This observation suggested that a hydroxyl was carried by the s- 
earbon atom. More direct proof of the structure was obtained by reaction 
of the unknown amino acid with nitrous acid, which presumably yielded 
a trihydroxypimelic acid. This product was then treated with periodic 
acid, followed by sodium hypobromite. From the reaction mixture an 
acid was isolated which was shown to be identical with synthetic a-hy- 
droxyglutaric acid lactone. The identity was shown by examination of 
unknown and standard in four different solvent systems on paper strips, 
and by oxidation of the unknown to succinic acid with chromium trioxide. 

The new amino acid contained 3 asymmetric carbon atoms, but the 
spatial configuration of the groups attached to these was not determined. 
Because tabtoxinine was not attacked by the p-amino acid oxidase of rat 
kidney, it appeared that the a- and e-carbon atoms carrying the amino 
groups both possessed the L configuration, but this evidence was admittedly 
not too conclusive. Whether the portion of the molecule bearing the ad- 
jacent hydroxyl and amino groups was of the threo- or erythro- series 
remains to be determined. 

The demonstration of the presence of a,¢-diaminopimelic acid in hy- 
drolysates of the diphtheria bacillus (2) and in the tubercle bacillus (2, 3) 
has shown that a new type of amino acid occurs in living things, v7z. 
sulfur-free diaminodicarboxylic acids. The isolation of hydroxydiamino- 
pimelic acid from P. tabaci shows that more than one of this type of com- 
pound is found in nature. Obviously, the relationship of the new com- 
pound described in this paper to that of Work is analogous to that between 
serine and alanine. 

Because the toxin of P. tabaci has been postulated to be a structural 
analogue of methionine (1) and to owe its pathogenic properties to be- 
havior as an antimetabolite, there may be some profit in a consideration 
of the resemblance between the structure of methionine and that of the 
new amino acid. Especially is this true because the new amino acid 
constitutes a large part of the molecule of the toxin. More than half of 
the weight of toxin taken for hydrolysis was accounted for by the amount 
of pure amino acid actually isolated. Consequently, in Fig. 1 are shown 
the structures of methionine and of the new amino acid. Methionine 
sulfoximine is also shown because it lies intermediately between the two. 
If the sulfur atom of the latter is replaced with 2 carbon atoms (a change 
which commonly converts metabolites into antimetabolites (4)), and if 
the terminal methyl] group is oxidized to a carboxyl group, one arrives at 
the hydroxydiaminopimelic acid. Methionine sulfoximine has been shown 
to simulate in tobacco leaves the pathogenic action of the toxin of P. 
tabaci (5). 
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EXPERIMENTAL 


Isolation of Tabtoxinine—The toxin was isolated from culture filtrates 
of P. tabact in the manner previously described (1). 200 mg. were dis- 
solved in 25 ec. of 6 N HCl, and the solution was refluxed for 20 hours. 
As much volatile acid as possible was removed by concentration of the 
hydrolysate under reduced pressure to dryness, followed by solution in 
water, and reconcentration. The syrupy residue was dissolved in water, 
and the pH was raised to 9 with barium hydroxide. The resulting sus- 
pension was concentrated under reduced pressure to about half of its 
volume in order to remove ammonia, and the precipitate was filtered off 


H 
NHe 
Methionine 


H 0 
HOOC -C— 
He H 
Methionine sulfoximine 


Hooc—-C— CHp—C—C-CO0H 
H NHoe 
a,€-diamino-@-hydroxypimelic acid 


or 
Tabtoxinine 


Fie. 1. Structures of methionine, methionine sulfoximine, and tabtoxinine 


and discarded. Barium ions were removed with a slight excess of H.SO,, 
and chloride and sulfate ions were adsorbed by addition of sufficient well 
washed Amberlite IR-4B to produce a pH of 6.2. The filtrate from these 
operations was concentrated under reduced pressure to 2 cc., and the new 
amino acid was caused to crystallize by addition of 10 cc. of absolute 
ethanol. The crystals were washed with ethanol and dried, and were 
then thoroughly extracted with 3 cc. of glacial acetic acid. They were 
finally washed with ethanol and dried at 100° in vacuo. The yield was 110 
mg. of white solid. 

Chromatographic Behavior—As mentioned previously (1), this substance 
moved with an R, of 0.06 on Whatman No. 1 filter paper, when developed 
as an ascending chromatogram with 2 volumes of normal propanol plus 
1 volume of water. When the sheet was developed with ninhydrin, the 
spot assumed a characteristic gray-purple color. In descending phenol 
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saturated with water, a purple spot was obtained with ninhydrin of R, 
0.10. In phenol saturated with 5 per cent aqueous ammonia, the R, 
was 0.21. In phenol saturated with 0.1 nN HCl, a pink spot of R, 0.1] 
was observed. Although this slower migration in acidic phenol was un- 
expected for a compound of this structure, Work has made similar findings 
with a,e-diaminopimelic acid (2, 6). 

A somewhat anomalous behavior was seen with samples of the amino 
acid which had been thoroughly desiccated. The freshly crystallized com- 
pound was readily soluble in water but, after drying, part of it was in- 
soluble. Acidification with acetic acid made everything dissolve. Solu- 
tions so obtained showed a double spot on paper chromatograms, consisting 
of a strong portion of the expected Ry and a much weaker part of slightly 
faster rate of migration. 

C;HywOsN2. Calculated. C 40.8, H 6.8, N 13.6 
Found. ** 40.0, ** 6.8, ** 13.5 
In the decarboxylation reaction with ninhydrin (7) the substance showed 
11.6 per cent a-amino nitrogen.2. This was calculated on the basis of the 
quantity of carbon dioxide evolved. Although this value was somewhat 
lower than the theoretical one, the behavior in this respect was similar to 
that of hydroxylysine (8) to which it is closely related in structure. Analy- 
tically pure synthetic hydroxylysine, when tested under the same conditions 
of reaction as were employed for tabtoxinine, yielded a value for a-amino 
nitrogen of 97 per cent of that expected (8). 

Dinitrophenyl Derivative (Di-DN P-tabtoxinine)—Tabtoxinine (30 mg.) 
and sodium bicarbonate (150 mg.) were dissolved in 5 ce. of water and 
treated with a solution of 100 mg. of 2,4-dinitrofluorobenzene in 10 ce. 
of ethanol. After the mixture had stood for 2 hours at room temperature, 
the ethanol was removed by concentration under reduced pressure to 3 ce. 
Excess dinitrofluorobenzene was extracted with ether, and the aqueous 
solution which remained was freed of dissolved ether and acidified with 
HCl. The oily precipitate which formed crystallized at 4° and was thor- 
oughly washed with ice-cold water. When water at 25° was used for wash- 
ing, the crystals liquefied. The yield was 72 mg. The product was re- 
crystallized by addition of benzene to a concentrated solution in ethy! 
acetate. Finally it was dissolved in aqueous NaHCO; and crystallized 
in the cold by acidification with HCl. The crystals were dried at 25°. 
Heating was avoided because of the danger of lactone formation. When 
examined on a heated stage microscope, the crystals melted at 120-122°. 
In ascending butanol saturated with 5 per cent aqueous ammonium hy- 
droxide, the substance exhibited R, 0.14. 


Ci9H 11013 Ne. Calculated, C 42.4, H 3.3; found, C 42.5, H 3.4 
? We are greatly indebted to Dr. J. R. Weisiger for this determination. 
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Reaction with NaIO,—When aqueous solutions of the amino acid were 
treated with 1 equivalent of NaIQO,, and the resulting solution was imme- 
diately developed on a paper chromatogram with propanol-water, no trace 
of the original ninhydrin-positive spot remained. Instead, a faint new 
spot of Ry 0.25 was found. This corresponded to the R» of glutamic acid 
run alongside. The same indication of glutamic acid was found on strips 
of paper developed with phenol-ammonia. The intensity of the glutamic 
acid spot, relative to standards, was such as to indicate not more than a 10 
per cent yield. Many attempts were made to improve this yield by use 
of oxidants such as hypobromite, chromic acid, or permanganate either 
simultaneously with or subsequent to the treatment with NalO,y. How- 
ever, these did not succeed. The aldehyde which would be expected 
from the reaction of periodate with a, e-diamino-8-hydroxypimelic acid, 
namely glutamic y-semialdehyde, is known to cyclize readily to a dihydro- 
pyrrole derivative which is undetectable with ninhydrin, and it is probable 
that this reaction predominated. 

Quantitative determination of the amount of periodate consumed was 
carried out by addition of 2 molecular equivalents of NalO, to 5 mg. 
samples of tabtoxinine, and back-titration in the usual way. This showed 
that 1 molecule of periodate was used per molecule, on the assumption that 
the formula was C7HyO;N». Because both serine and threonine consumed 
2 equivalents of periodate per molecule, it might be expected that the same 
would be true for this new a,e¢-diamino-6-hydroxypimelic acid. It was 
not clear why tabtoxinine consumed only 1 equivalent of periodate. 

Degradation to a-Hydroxyglutaric Acid and Identification of This Sub- 
stance—A sample (100 mg.) of tabtoxinine was dissolved in 5 cc. of acetic 
acid plus 2 cc. of water, and a solution of 140 mg. of NaNOz in 2 ce. of 
water was added. After the reaction mixture had stood for 30 minutes, 
it was concentrated under reduced pressure to dryness, and the residue 
was dissolved in 5 cc. of hot water plus enough NaOH to give a final pH 
of 8.5. This treatment with alkali would hydrolyze any lactone which 
might have been present. The solution was neutralized and treated with 
110 mg. of NaIOy. The aldehydes formed in this reaction were oxidized 
by the addition of 250 mg. of NaHCO; and 0.15 cc. of bromine followed 
by enough NaOH to maintain the pH at 8. Temperature was maintained 
at 0° during the oxidation with hypobromite. The pH was then adjusted 
to 2 with H»SO,, excess bromine was removed under reduced pressure, and 
the solution was extracted continuously with ether for 48 hours. The 
extract contained 49 mg. of a glassy substance which behaved chromato- 
graphically as did synthetic a-hydroxyglutarolactone’ in four solvent sys- 
tems. These were (1) equal volumes of benzyl alcohol, formic acid, and 


*We are greatly indebted to the A. E. Staley Manufacturing Company for a 
sample of this substance. 
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water equilibrated for 3 days prior to use (in this the Ry value was 0.69): 
(2) equal volumes of butanol, formic acid, and water similarly equilibrated, 
Ry, 0.62; (3) equal volumes of benzene, formic acid, water, and ethanol 
similarly equilibrated, R r 0.40; and (4) solvent system (3) used immediately 
after mixing, in which the Ry value was 0.10. All strips were run by 
the descending method and according to the suggestions of Lugg and 
Overell (9). In the last two solvents a faint second spot appeared which 
moved faster than a-hydroxyglutarolactone, but the nature of this sub- 
stance was not determined. 

The isolated lactone was converted to the free acid by heating a solution 
of 20 mg. of it in 1 ec. of 1 N NaOH at 100° for 15 minutes. The reaction 
mixture was cooled, acidified with HSO,, and extracted continuously 
with ether for 48 hours. The yield of semicrystalline solid in the extract 
was 15mg. Known a-hydroxyglutarolactone was treated similarly. The 
free acid was stable, and did not revert to the lactone if heating was avoided. 
This fact was readily seen from the chromatographic behavior. In sol- 
vent (1) of the preceding paragraph both the known and the unknown 
exhibited an Rp of 0.29. The unknown showed two faint impurities (R, 
0.51 and 0.77) which moved faster. 

Oxidation with CrO; converted either the known or the isolated lactone 
to succinic acid in good yield. Thus, 24 mg. of the unknown were dis- 
solved in 15 ce. of acetic acid which contained 40 mg. of CrO;, and the 
solution was heated at 100° for 15 minutes. Evaporation of the solvent 
under reduced pressure, solution in dilute H.SO,, and extraction with 
ether continuously for 24 hours produced 20 mg. of fine colorless needles. 
A solution of these showed the same Ry in solvent (1) (0.45) as did authentic 
succinic acid. The crystals melted at 183° (hot stage), and this was 
raised to 192° (melting point of known succinic acid) by sublimation of 
the sample. A mixture of isolated crystals with known succinic acid melted 
at 192°. Similarly, 26 mg. of synthetic a-hydroxyglutarolactone yielded 
21 mg. of succinic acid when treated in the same fashion. 

Stability to p-Amino Acid Oxidase—A preparation of D-amino acid oxidase 
was made from rat kidneys according to the directions of Krebs (10). 
An amount of enzyme obtained from 10 mg. of fresh organ was incubated 
with 0.2 mg. of the amino acid in a total volume of 0.3 cc. for 20 hours at 
pH 7.5. Spots of the reaction mixture were then developed on paper 
sheets with 2:1 propanol-water. The intensity and position of the nin- 
hydrin-positive spots were the same as in a similar sample without enzyme. 
These facts made it seem unlikely that either both or one of the amino 
groups had been oxidized. The potency of the enzyme was proved with 
p-alanine. 
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SUMMARY 


A new amino acid, tabtoxinine, has been obtained in a chromatographi- 
cally and analytically pure state from strong acid hydrolysates of the 
phytopathogenic toxin of Pseudomonas tabaci. The empirical formula of 
this compound was shown to be C;HyO;N2. The quantitative measure- 
ment of carbon dioxide evolved when tabtoxinine was heated with nin- 
hydrin led to the conclusion that all the nitrogen in the molecule was 
amino nitrogen a to carboxyl groups. The substance consumed 1 molecu- 
lar equivalent of periodate, and when so oxidized, yielded a small amount 
of a ninhydrin-positive substance which chromatographically behaved like 
glutamic acid. Deamination of the original amino acid, followed by cleav- 
age with periodate and oxidation with hypobromite, led to the formation 
in good yield of a-hydroxyglutarolactone. The identification of this degra- 
dation product was accomplished not only by comparison of the chromato- 
graphic behavior of the isolated lactone with that of a synthetic specimen 
and of the free acids derived from them by hydrolysis, but also by oxidation 
of the unknown to succinic acid. The new amino acid was thus shown 
to be a, e-diamino-8-hydroxypimelic acid. The structural analogy of tab- 
toxinine to methionine was discussed. 
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NUCLEIC ACID PHOSPHORUS OF MOUSE PANCREAS AFTER 
PILOCARPINE ADMINISTRATION * 


By M. RABINOVITCH, V. VALERI, H. A. ROTHSCHILD, 8S. CAMARA, 
¥ A. SESSO, anv L. C. U. JUNQUEIRA 


(From the Laboratory of Cellular Physiology, Department of Histology and Embryology, 
Faculty of Medicine, University of Sao Paulo, Sao Paulo, Brazil) 


(Received for publication, May 12, 1952) 


Ribonucleic acid has been related to protein synthesis in embryonic and 
adult tissues, including the secretory glands (1, 2). This conclusion was 
reached mainly through cytological methods of a type which have not 
yielded information on the amount of polynucleotides per cell. It should, 
however, be noted that changes in the intracellular distribution of poly- 
nucleotides need not, necessarily, be paralleled by changes in the amount 
of these substances per cell. Although some biochemical data have been 
obtained in growing tissues, which seem to suggest a relation between 
ribonucleic acid and protein synthesis (3, 4), few data were found support- 
ing this contention in secreting glands in which no marked modification 
in the cell size occurs (the special case of the liver not considered). These 
data are referred to in the “Discussion.” 

Pancreas seems to be a good material for studing the biochemistry of 
secretion, as no considerable changes in the amount of basic cytoplasm 
occur during secretion (5) and protein synthesis can be judged after pilo- 
carpine administration from the amount of proteic secretory granules 
(6-8) elaborated and from the restoration of the activity of the pancreatic 
digestive enzymes (9, 10). In this paper we present results of a study 
of ribonucleic acid phosphorus (RNAP) and desoxyribonucleic acid phos- 
phorus (DNAP) levels of mouse pancreas in different secretory conditions 
produced by pilocarpine administration. Pilocarpine was chosen because 
of its known cytological (11, 12), evtochemical (7, 8, 13, 14), and chemi- 
cal (9, 10) effects. 


EXPERIMENTAL 


Adult albino mice of both sexes were used. Differences due to sex were 
not observed. 

1 mg. of pilocarpine hydrochloride (“poulenc’”’) in aqueous solution (0.5 
per cent) was injected into the tail vein of each animal, irrespective of body 
weight. Intense salivation and lacrimation were observed soon after the 


* This work was partially aided by grants from the Reitoria da Universidade de 
Séo Paulo and the Conselho Nacional de Pesquisas. Our thanks are due to Miss 
M.C. Rosa, Mrs. 8.8. Leite, and Mr. J. Santos for valuable technical assistance. 
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injections. Autopsy was performed after 20 minutes and 1, 4, 7, and 12 
hours. The study of the pancreas from four pilocarpine-treated animals 
for each experimental period, compared with sections from five control 
animals, disclosed cell vacuolation and reduction in the amount of secretory 
granules, maximal in the 1 hour group. Granule content was similar to 
that of the control group 7 hours after pilocarpine treatment and exceeded 
that of the control group 12 hours after the injection. No nuclear de- 
generative changes were observed in any of the animals studied. Five 
pilocarpine-treated animals died in the 4 hour group and three in the 12 
hour group. In about 5 per cent of the animals, both control and pilo- 
carpine-injected, the pancreas appeared grossly edematous. These animals 
yielded low values for nucleic acid phosphorus and were not included in 
the series reported. 

Control mice were given injections of an equal volume of distilled water, 
which were started at 8 a.m. after a fasting period of 18 hours. Water 
ad libitum was allowed to the animals during this period and throughout the 
experiments. The mice were killed after different intervals by a blow on 
the head and weighed. The pancreas was removed and weighed on a 
torsion balance. 1 per cent homogenates were prepared with chilled dis- 
tilled water and stored at —12° until the determinations were carried out. 
Animals from each experimental period of pilocarpine administration (in- 
cluding the controls) were injected and killed at approximately the same 
time, and nucleic acid phosphorus determinations were performed simul- 
taneously. This was done in order to obtain the maximum of homogene- 
ity in the experimental conditions. 

Determination of Nucleic Acid Phosphorus—RNAP and DNAP were 
determined in 0.7 ml. of the homogenates by the method of Schmidt and 
Thannhauser (15) as modified by Davidson, Leslie, and Waymouth (16) 
with slight changes (17). Reproducibility of the method was tested in 
our material, and variation coefficients with values arourid 4 per cent for 
RNAP and 7 per cent for DNAP were found. Phosphoprotein P was not 
determined, as it constitutes only a very small fraction included in the 
RNAP (18). 

Determinations of the dry weight-wet weight ratio were made in poolings 
from homogenates of at least twelve control and twelve pilocarpine-treated 
animals from each experimental series. As no difference over 1 per cent 
was observed, all our results are expressed in micrograms of P per 100 mg. 
of fresh tissue. 

Statistical Analysis—Comparison between group means was performed 
by the ¢ test (19). ¢ values higher than those of the 0.01 level of probability 
were considered as indicating statistically significant differences between 
the means. 
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Results 


Data obtained in different periods after pilocarpine administration are 
presented in Table I. ¢ tests between means for each pilocarpine-treated 


TABLE I 


Ribonucleic Acid Phosphorus, Desoxyribonucleic Acid Phosphorus, and Ribonucleic- 
Desoryribonucleic Acid Phosphorus Ratio in Pancreas from Control and 
Pilocarpine-Treated Mice 


C. = controls; P. = pilocarpine-injected mice. RNAP and DNAP ip micro- 


| 
2 | 2 2 
Animal weight RNAP P DNAP P = 
= a 5 
min, gm. 
C. | 26 + 0.8 | 263 + 5.0 21 32 + 1.1) >0.5 | 21 8.4 21 
(20-33 ) (214-300) (25-45) (5.6-10.4) 
P. 23 + 0.6 | 263 + 8.2 20 33 + 1.0 20 | 8.1 19 
(17-29) (204-356 ) (22-41) (4.6-12.0) 
hrs. 
1 C., 28 + 0.7 |. 264 + 8.0) >0.7 24 34 + 1.2) >0.5 24 | 7.9 24 
| (22-34) (186-380) (25-46) (4.7-14.1) 
P. 29 + 0.8 | 267 + 8.3 25 33 + 1.3 25 | 8.2 20 
(24-36 ) (166-364 ) (22-45) (4.0-12.7) 
4C.' 29 + 0.9 | 264 + 7.4) >0.6 21 35 + 1.2 >0.3 19 | 7.6 18 
(20-35) (206-328 ) (28-46 ) (4.5-9.3) 
P. | 27 + 0.9 | 260 + 4.8 18 (37 + 1.6 We § tm 14 
(19-31) (222-294 ) (30-52) (5.4-9.2) 
7 C.| 24 + 0.8 | 259 + 6.8 >0.3 | 20 36 + 1.1) >0.05 | 19 | 7.3 19 
(20-30) (192-310) (23-44 ) (5.1-11.7) 
P. | 21 + 0.6 | 267 + 4.9 16 33 + 1.2 16 | 8.3 15 
(18-25) (229-300 ) (26-42) (6.3-10.7) 
12 C.| 24 + 0.6 | 273 + 6.8 >0.02 | 19 35 + 1.6 21 | 7.6 17 
(19-28) (210-313) (15-45) (4.9-8.5) 
P.|' 23+ 0.9 | 253 + 7.5 20 35 + 1.0 19 | 7.4 17 
(15.5-30) | (185-301) (25-42) (5.5-9.0) 


and control group for RNAP and DNAP showed no statistically significant 
differences (P > 0.01). The constancy of DNAP can be considered as 
indicating that the cell population was the same in the samples of both 
groups of animals (20, 21). RNAP:DNAP ratios presented in Table I 
have not been analyzed statistically, owing to the non-conformance of 
quotients to normal distribution. Only small variations were observed. 
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DISCUSSION 


In regard to evidence suggesting protein synthesis after pilocarpine ad- 
ministration, it is of interest to refer to the paper by van Weel and Engel 
(9) which related the extrusion and reconstitution of secretory granules 
to pancreatic carboxypolypeptidase activity. Results from this labora- 
tory,! obtained with the animals used in the present report, showed that 
20 minutes after pilocarpine administration amylase activity was reduced 
to around 50 per cent of the control values and then increased to levels 
higher than those of the control animals 12 hours later. These results, 
allied to our histological data, indicate that pilocarpine administration in 
our material was followed by processes of protein synthesis. In this con- 
nection we may mention that amylase activity was also used by Hokin (22) 
as an index of protein synthesis by pancreatic tissue in vitro. 

Only a few papers could be found in the literature concerning variations 
in the nucleic acid content of pancreas as related to secretion. 

Guberniev and Kovyrev (23), studying the nucleic acid content of dog 
pancreas after secretin administration, reported an increase of both RNA 
and DNA after 3 to 4 hours. Guberniev and II’lina (24) later reported an 
increase in the turnover rate of isotopic nucleic acid phosphorus in the 
same material. 

In a recent paper Hokin (25) reported that RNAP turnover 7n vitro in 
slices of pigeon pancreas could not be related to amylase synthesis. On 
the other hand, in secretion promoted by carbamylcholine the turnover 
was accelerated and this was thought to depend upon excretion phenomena 
and not on the protein synthesis per se. We are not in position to compare 
our results with theirs (22-24) in view of the different methods used. 

As a result of the utilization of the cytochemical ribonuclease method in 
studies on pancreas, it was shown that the cytoplasmic basophilic zone of 
its acinar cells (also known as chromidial bodies, ergastoplasm, etc., in 
the cytological literature) contains ribonucleic acid (25, 8, 13, 14). The 
utilization of microspectrophotographic methods led to similar conclusions 
(7, 8). 

Pilocarpine administration causes a rapid extrusion of secretory granules 
in pancreatic acinar cells (11, 12). In the literature their reconstitution 
has been related to variations in the amount and distribution of basophilic 
and ultraviolet- (maximum at 2.600 A) absorbing substance (12, 7, 8, 13, 
14). No comparison of our results with certain of those of the above 
authors (7, 8, 14) can be made, as no reference is made in their papers to 
dose and route of administration of pilocarpine, number of animals, timing 


1 A. Sesso, N. Sawaya, V. Valeri, Layla Nahas, and M. Rabinovitch (1951), to 
be published. 


| 


TS 


we 


RABINOVITCH, VALERI, ROTHSCHILD, CAMARA, 819 
SESSO, AND JUNQUEIRA 


of experiments, number of cells measured, and variability of the results. 
It is to be noted that the conclusions obtained by the investigators who 
utilized Brachet’s method are based solely on the aspects of cytological 
preparations, without any quantitative results. 


Our findings demonstrate no variation in the RNAP and DNAP con- 


tents of pancreas in different secretory stages after pilocarpine administra- 
tion. It is suggested that the data obtained by histochemical methods 
might be due to an intracellular redistribution of ribopolynucleotides during 
secretion, the total amount per cell remaining constant. 


SUMMARY 


No statistically significant variations were observed in either ribonucleic 


or desoxyribonucleic acid phosphorus levels in mouse pancreas 20 minutes 
and 1, 4, 7, and 12 hours after intravenous pilocarpine administration, 
compared with the controls. No variation in RNAP content could there- 
fore be related to the protein synthesis that follows pilocarpine adminis- 
tration. The bearing of these results on previous histochemical data is 
discussed. 
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INTRACELLULAR DISTRIBUTION OF DIPHOSPHOPYRIDINE 
NUCLEOTIDE-CYTOCHROME ce REDUCTASE AND CYTO- 
CHROME c¢ OXIDASE IN MAMMALIAN BRAIN* 


By T. M. BRODY,?t R. I. H. WANG, anv J. A. BAIN 


(From the Departments of Pharmacology and Psychiatry, College of Medicine, 
University of Illinois, Chicago, Illinois) 


(Received for publication, May 14, 1952) 


During the development of a procedure for the isolation of a mitochon- 
drial fraction from brain (1) and in further elucidation of its properties, 
the intracellular distribution of certain oxidative enzymes was determined. 
A comparison of the activities of DPN'-cytochrome c reductase and cyto- 
chrome c oxidase in intracellular fractions from both brain and liver is 
the subject of this report. 


EXPERIMENTAL 


Fractionation Procedures—Homogenates of rat cerebral cortex were frac- 
tionated according to Procedure II as previously described (1), each frac- 
tion being washed once by resuspension and recentrifugation. 10 per cent 
homogenates of rat liver in 0.25 m sucrose were fractionated by the follow- 
ing modification of the procedure of Schneider and Hogeboom (2). Suc- 
cessive centrifugations of the homogenate at 700 X g for 10 minutes, 
5000 X g for 10 minutes, and 23,000 X g for 30 minutes yielded a nuclear 
fraction (Nw), a mitochondrial fraction (Mw), a microsome fraction (Mc), 
and a final supernatant fraction (Su). The residue fractions were washed 
by resuspension in 0.25 M sucrose and recentrifugation at somewhat higher 
forees than were employed in their original sedimentation. The washed 
fractions from both tissues were resuspended in small volumes of 0.25 m 
sucrose and aliquots of the relatively concentrated suspensions were diluted 
appropriately just before assay. All fractionation procedures were carried 
out at 3° or below. 

Various procedures have been described for the spectrophotometric de- 
termination of DPN-cytochrome c reductase and cytochrome c oxidase, 
the most recent of which (3) appeared while this manuscript was in prepa- 
ration. They are all based upon the fact that the extinction coefficients 
at 550 my of ferri- and ferrocytochrome c are sufficiently different so that 


* Supported in part by grants from the Rockefeller Foundation and Mr. Walter 
R. Barker. 

t Fellow of the American Foundation for Pharmaceutical Education. 

‘DPN is diphosphopyridine nucleotide and DPNH: is reduced diphosphopyridine 
nucleotide. 
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rates of reaction may be measured by following changes in optical density 
at this wave-length. These principles were early applied to the assay of 
cytochrome enzymes by Hogness and his associates (e.g. (4)) who derived 
the necessary equations. In the present study preliminary experiments 
established the optimum conditions for the assay of the two enzymes. 


TABLE I 


Intracellular Distribution of DPN-Cytochrome c Reductase and Cytochrome c Oxidase 
in Rat Brain and Liver 


The DPN-cytochrome c reductase assay system contains 2.7 X 10°? mM NaH.P0Q,- 
NaeHPO,, pH 7.4, 7.0 X 107° m DPNHa, 4.0 107-5 cytochrome c, and 2.5 
KCN. The cytochrome c oxidase assay system contains 1.0 K 107! mM NaH.PO,- 
NasHPO,, pH 7.4, and 2.0 X 10-5 um cytochrome c (90 to 95 per cent reduced). Each 
system contains in addition 0.1 to 0.2 ml. (added last) of an appropriate dilution 
in 0.25 m sucrose of the fraction to be assayed. The total volume in all cases was 
3.2 ml. The temperature was 22°. 


— 


Preparation | Fraction No. DPN-cytochrome c reductase | Cytochrome c¢ oxidase 
Ored.* Qoz.t 

Braint Homogenate 0.223 (0.155-0.291) 24.0 (10.0-36.7) 
II-R, 0.249 (0.233-0.319) 29.3 (13.9-49.9) 
II-R,. 0.349 (0.320-0.377) 45.4 (37.1-53.6) 
II-R; 0.629 (0.500-1.011) 139.0 (93.3-220.0) 
II-R, 0.287 (0.259—0.363) 22.0 (16.2-30.0) 
II-S 0.155 (0.102-0.235) 0.15(0.12-0.19) 

Liver$ Homogenate 2.90 (2.10-4.49) 27.2 (25.7-28.4) 
N 3.03 (2.04-4.34) 32.0 (27.0-40.2) 
Mw 3.65 (2.83-5.51) 127.0 (102.5-149.0) 
Me 7.30 (5.96-10.50) 21.2 (11.5-22.5) 
Su 2.30 


(0.68-3.91) 1.0 (0.7-1.8) 


* Micromoles of cytochrome c reduced per minute per mg. of N. 
t Decrease in the logarithm of the concentration of ferrocytochrome ¢ per minute 


per mg. of N. 
t Average of five experiments; the range is given in the parentheses. 
§ Average of four experiments; the range is given in the parentheses. 


The procedure and conditions finally adopted are summarized in the follow- 
ing sections and in the description above Table I. 

Determination of DPN-Cytochrome c Reductase—The activity of the en- 
zyme was measured by following the increase in optical density? at 550 
my, slit width 0.03 mm., in the system described above Table I. The 
increase in absorption proceeded linearly with time over at least 6 minutes 
after enzyme addition and was directly proportional to enzyme concen- 
tration as long as the amount of enzyme was adjusted to give rates of not 


? Beckman model DU spectrophotometer. 
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more than 0.07 optical density unit per minute. Specific enzyme activity 
(Qrea.)? is expressed as the micromoles of cytochrome ¢ reduced per minute 
per mg. of N. 

Simultaneous absorption measurements at 340 and 550 my gave results 
similar to those of Hogeboom (5) in that the reduction of cytochrome c 
corresponded stoichiometrically to the oxidation of DPNH2, 1 mole of 
DPNH: being equivalent to 2 moles of cytochrome c. Potassium cyanide, 
which was added at 2.5 K 10-4 m to prevent reoxidation of cytochrome c 
in the presence of cytochrome c oxidase (6), did not inhibit the reductase. 
The addition of nicotinamide at a final concentration of 0.025 m to inhibit 
nucleotidase activity (5) had no effect upon the DPN-cytochrome c re- 
ductase activity in either liver or brain preparations; hence, it was not 
included in the reaction mixture. 

Determination of Cytochrome c Oxidase—The enzyme activity was meas- 
ured by following the decrease in optical density at 550 my, slit width 0.03 
mm., in a system containing the components given in Table I. Since not 
enough substrate is added to saturate the enzyme, the decrease in optical 
density is not linear with time, but must be converted to the logarithm of 
the concentration of ferrocytochrome c remaining in order to obtain a 
linear function. Provided the rate does not exceed 0.20 logarithm unit 
per minute, the slope of the curve obtained by plotting logio (ferrocyto- 
chrome c) versus time is directly proportional to enzyme concentration. 
Hence, the specific activity of the enzyme (Q,,.)‘ is expressed as the change 
in logy (ferrocytochrome c) per minute per mg. of N. 

Materials—DPN H, was prepared from 65 per cent DPN by reduction 
with sodium hydrosulfite (Na2S:0,-2H2O) according to the procedure of 
Potter as described by LePage (7).° After aeration the solution was ad- 
justed to pH 7.4 by addition of 0.3 m phosphate buffer, pH 6.0. Such 
solutions are stable for approximately 12 hours if stored at 0°. Ferrocyto- 
chrome ¢ was prepared by treating a 1.25 XK 10-‘ M solution of cytochrome 
cin 0.03 m phosphate buffer, pH 7.4, with 0.25 mg. per ml. of sodium 


+ Optical density changes may conveniently be converted to specific activity as 
follows: Qreu. = — E:)(5.4 10-*)(dilution factors)/(te — t,)(mg. N), where 
E, and E: are the optical density readings at times ¢; and ¢t2 (expressed in minutes) 
and the factor 5.4 X 10°? is based on the extinction coefficients for ferrocytochrome 
c, 2.810 K 10’ sq. cm. per mole, and for ferricytochrome c, 0.956 X 107 sq. em. per 
mole (4). 

‘This quantity is readily calculated as follows: Q... = logi((E, — Cre,)/ 
(E, — (dilution factors)/(t2 — t:)(mg. N), where is the total concentration 
of cytochrome in moles per ml. and ¢o is the extinction coefficient of ferricytochrome 
¢ (4) and the rest of the symbols are as defined in foot-note 3. 

*Sigma Chemical Company, St. Louis, Missouri. Preparations of 95 per cent 
DPN isolated from pig liver (8) and purified by chromatography on Dowex columns 
(9) gave essentially the same activities as did the less pure commercial preparations. 
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hydrosulfite for 15 minutes at room temperature, followed by aeration for 
20 minutes.® Such solutions show little spontaneous reoxidation when 
stored at 0° for 24 to 36 hours. Ferrocytochrome c prepared with the use 
of ascorbic acid (3) gave the same assay results as did hydrosulfite-reduced 
cytochrome c. Potassium cyanide solutions were freshly prepared every 
few hours and neutralized just before use. 


Results 


The results of the distribution studies are summarized in Table I. The 
specific activity for cytochrome c oxidase was very nearly the same in 
homogenates from both tissues, but the specific activity of DPN cyto- 
chrome c reductase was about 10 times as high in liver as in brain. In the 
fractions from brain the highest specific activity for both enzymes was 
found in the mitochondrial fraction (II-R;). In the fractions from liver, 
however, the highest specific activity for DPN-cytochrome c reductase was 
found in the microsomal fraction (Mc), while the highest specific activity 
for cytochrome c oxidase was found in the mitochondrial fraction (Mw). 

In the case of DPN-cytochrome c reductase 89 to 107 per cent of the 
total activity of the homogenate was recovered in the fractions from both 
tissues. The recovery of the cytochrome c oxidase activity of the homoge- 
nate ranged from 108 to 120 per cent in fractions from both tissues. No 
attempt was made to elucidate our consistent finding that the sum of the 
cytochrome c oxidase activities of the fractions is greater than the activity 
of the original homogenate. 

Liver DPN-cytochrome c reductase activities of 2.14 to 2.80, 2.56 to 
4.35, and 5.49 to 9.2 um of cytochrome c reduced per minute per mg. of N 
have been reported for sucrose homogenates, mitochondria, and micro- 
somes, respectively (3, 5, 10). It may be seen that our values for liver 
DPN-cytochrome c reductase fall within this range. It is difficult to com- 
pare our spectrophotometric values for cytochrome c oxidase activities 
with previously published manometric values (10, 11) because of the 
differences in temperature and degree of saturation of the enzyme with 
substrate. Under Hogeboom and Schneider’s conditions for the spectro- 
photometric assay of cytochrome c oxidase, in which the enzyme is pre- 
sumably saturated with substrate, we obtained about twice the rate of 
ferrocytochrome c oxidation as under our conditions (calculated on the 
basis of the optical density change during the Ist minute after enzyme 
addition). However, in a study on substrate concentration we find that 


$ Aeration may be effectively accomplished by directing a stream of oxygen on the 
surface of a thin layer of a stirred solution. This procedure eliminates the trouble- 
some foaming which results from bubbling gases through protein solutions. Com- 
plete oxidation of excess reducing agent is readily checked by optical density readings 
at 340 my in the case of hydrosulfite and at 245 my for ascorbic acid. 
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cytochrome c oxidase from either brain or liver yields a bell-shaped curve 
with a maximum at about 8.5 X 10-° o (initial) ferrocytochrome ¢ when 
substrate concentration is plotted against rate of reaction. Such a curve 
was obtained with two different samples of cytochrome c reduced either 
with hydrosulfite or ascorbic acid. It also held when the cytochrome c 
was treated with Amberlite IR-100 to remove possible heavy metal con- 
tamination. Our experience is too limited to say whether or not such a 
eurve would hold for all samples of cytochrome c, but this and other compli- 
eations (12) make unreliable any comparisons of absolute cytochrome c 
oxidase activities obtained by various investigators. 

So far as we know, there are no values in the general literature for DPN - 
cytochrome c reductase activities in brain. It had previously been found 
in this laboratory that with manometric methods of assay DPN-cyto- 
chrome c reductase activities for brain were about one-fifth those found in 
liver (13) and in the present study we again find brain activities to be much 
lower than those in liver. Cytochrome c oxidase activities in brain have 
been shown by manometric methods to be the same or only slightly lower 
than those in liver (13, 14) and the spectrophotometric results reported 
here confirm this finding. 


DISCUSSION 


The ten-fold difference in concentration between brain and liver DPN- 
cytochrome c reductase is somewhat surprising when one considers the 
quite exact correspondence between the cytochrome c oxidase levels in the 
two tissues. The most striking part of the findings in this study, however, 
is the difference in the distribution of DPN-cytochrome c reductase in the 
brain and liver fractions. The fact that DPN-cytochrome c¢ reductase is 
highest in the mitochondrial fraction from brain and highest in the micro- 
some fraction from liver may indicate a real difference between tissues or 
it may indicate a difference in fractionation characteristics, even though 
the mitochondrial fractions from the two tissues are similar in many other 
respects (1). Since triphosphopyridine nucleotide-cytochrome c reductase 
(15), cytochrome c oxidase, and cytochrome c itself (2) have been shown to 
be concentrated in the mitochondrial fraction from liver, DPN-cytochrome 
¢ reductase is the only member of the cytochrome chain with greatest 
activity in a fraction other than the mitochondria. Considering the fact 
that the oxidative-phosphorylative activity is concentrated in the mito- 
chondrial fraction from liver (16) and brain (1) and the current concept 
that the bulk of the phosphorylation occurs during electron transfer down 
the cytochrome chain (17), the high concentration of DPN-cytochrome c 
reductase in the liver microsome fraction seems somewhat anomalous. 
Apparently this anomaly does not occur in brain. 
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SUMMARY 


Sucrose homogenates of rat liver and brain were separated into nuclear, 
mitochondrial, and microsome fractions by differential centrifugation, 
Spectrophotometric assays showed that cytochrome c oxidase activity was 
concentrated in the mitochondrial fraction from both tissues. DPN-cyto- 
chrome ¢ reductase activity was greatest in the mitochondrial fraction from 
brain, in contrast to liver in which it was highest in the microsome fraction, 
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THE MECHANISM OF PORPHYRIN FORMATION* 
THE FORMATION OF A SUCCINYL INTERMEDIATE FROM SUCCINATE 


By DAVID SHEMIN anno SELMA KUMIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, May 12, 1952) 


In previous publications the location of the carbon atoms of protopor- 
phyrin derived from acetate was determined (3, 4). It was found that 26 
carbon atoms of protoporphyrin biologically synthesized from C'-methyl- 
labeled and C™-carboxyl-labeled acetate contained C™ (4). It was con- 
cluded from the C activity pattern in the porphyrin that the acetate was 
utilized by being converted to a 4-carbon atom unsymmetrical compound 
via the tricarboxylic acid cycle. It was suggested that this precursor was 
a succinyl intermediate, possibly a succinyl-coenzyme complex, and an in- 
termediate of the a-ketoglutarate-succinate reaction (4). The existence of 
an intermediate of this reaction was independently ascertained by Sa- 
nadi and Littlefield (5, 6) and Kaufman (7). Kaufman found that the 
oxidation of a-ketoglutarate is coenzyme A-dependent, and the former 
authors presented evidence for the formation of an “active” succinate 
from a-ketoglutarate in the presence of coenzyme A, capable of succinylat- 
ing sulfanilamide. 

Since it also appeared from the C" activity pattern in protoporphyrin 
that this “active”? succinate arises not only from a-ketoglutarate but also 
from succinate (4), the relationship of the citric acid cycle to porphyrin 
formation can be diagrammatically represented as in Diagram 1. This 
formulation suggested the existence of a reaction that hitherto had not 
been described, namely Reaction C of Diagram 1, and indicated that as- 
pects of the tricarboxylic acid cycle could be studied by investigating the 
mechanism of porphyrin formation. In this communication direct evi- 
dence is presented for the above schemé: that a 4-carbon atom compound 
is the precursor of 26 carbon atoms of protoporphyrin and that this suc- 
cinyl intermediate can arise from succinate via both Reactions C and F 
(Diagram 1) in the tricarboxylic acid cycle. 

*This work was supported by grants from the National Institutes of Health, 
United States Public Health Service, from the American Cancer Society on the rec- 
ommendation of the Committee on Growth of the National Research Council, and 
from the Rockefeller Foundation. A preliminary report was presented at a Ciba 
Foundation Conference (1), and the results reported at the meeting of the American 
Society of Biological Chemists at New York, April 16, 1952 (2). 
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It may be well to point out that, although succinic acid should give rise 
to the succinyl intermediate by the two pathways (Diagram 1), the labeling 
of protoporphyrin from radioactive succinate will depend on the position of 
Cin the succinate. It was possible to demonstrate both Reactions C and 
F and to differentiate between them by investigating the synthesis of pro- 
toporphyrin from C'-carboxyl-labeled and C'-methylene-labeled succinate 
in the presence and absence of malonate. By determining the C" distri- 
bution in protoporphyrin synthesized from C'-carboxyl-labeled succinate 
with and without malonate more evidence for Reaction C was obtained. 

Washed duck red blood cells (8) or hemolyzed duck red blood cells (2, 9) 
were incubated with equal concentrations of C'-carboxyl-labeled and C™- 
methylene-labeled succinate in the presence and absence of malonate. 
Theoretically C'*-carboxyl-labeled succinate cannot give rise to C'*-labeled 


(F) 
(F) Tricarboxylic acid cycle (F)+ 
—a-Ketoglutarate succinyl! intermediate succinate—— 
(C) 
(D) | + Glycine 
Pyrroles _, protoporphyrin 


DiaGraM 1. The relationship of the tricarboxylic acid cycle and protoporphyrin 
formation. 


protoporphyrin via Reaction F, but only via Reaction C. On entering the 
tricarboxylic acid cycle, 7.e. in the oxidative direction of the cycle (Reac- 
tion F, Diagram 1), carboxyl-labeled succinate would give rise to a-car- 
boxyl-labeled a-ketoglutarate. The resulting succiny! intermediate arising 
by oxidative decarboxylation and utilized for porphyrin formation would 
therefore contain no C%. However, if Reaction C occurs, carboxyl-labeled 
succinate would produce labeled. protoporphyrin. If this postulation is 
correct, then carboxyl-labeled succinate should produce labeled protopor- 
phyrin only by Reaction C, and therefore malonate, which blocks Reaction 
F, should have little or no influence on the C™ activity of protoporphyrin. 

Methylene-labeled succinate, in contrast to carboxyl-labeled succinate, 
should produce labeled protoporphyrin via two pathways: (1) Reaction C 
and (2) the oxidative direction of the tricarboxylic acid cycle (Reaction F). 
Methylene-labeled succinate should produce a-ketoglutaric acid labeled in 
its a- and 6-carbon atoms by Reaction F. As a result the succiny!] inter- 
mediate formed by this pathway, and utilized for porphyrin formation, 
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should have 2 of its carbon atoms labeled with C'. Malonate should, in 
this case, have a marked inhibitory effect on the utilization of methylene- 
labeled succinate for porphyrin formation, and any C" activity in proto- 
porphyrin made from methylene-labeled succinate in the presence of malo- 
nate will be the result of Reaction C. 


TABLE I 


Comparison of C'* Activities of Hemin Made from C'*-Carboryl-Labeled Succinic 
Acid and from C'*-Methylene-Labeled Succinic Acid in Presence and Absence 


Malonate 
Hemin synthesized from C'- | Hemin synthesized from C'™-methylene-labeled 
carboxyl-labeled succinic acid succinic acid 
Without malonate With malonate, 0.02 
Experiment No.* 
le | alculated 
10 carbon Foundt 10 carbon 
oun | 
(c) X 16 (e) X 16 
(a) (b) | (e) (d) (e) 
C.p.m. | c.p.m opm. C.p.m. 
| 383 307 1686 375 
2 247 208 870 544 | #455 | 284 
3 128 211 1070 
4 132 114 473 296 a3 139 
5 «540 697 | 
6 | 139 105 | 314 196 | y; 108 
7t | 986 | | 224 | 158 | 175 | 109 


* Experiments 1 to 5 were carried out with intact red cells; Experiments 6 and 7, 
with hemolyzed preparations. 

t The observed activities were multiplied by factors, since the activities of the 
earboxyl-labeled succinate samples were different from those of methylene-labeled 
succinate samples; see the experimental section. 

} The malonate concentration of this experiment was 0.01 mM 

§ The C'* activity of hemin made from carboxyl-labeled succinate with intact 
red cells of this preparation was 120 ¢c.p.m. 


In Table I the C™ activity of the hemin samples obtained by incubating 
equal amounts of C'*-carboxyl-labeled and C'*-methylene-labeled succinate, 
with and without malonate, is given. It can be seen from Table I that 
the C“ activity of the hemin samples made from methylene-labeled suc- 
cinate is much higher than that made from carboxyl-labeled succinate. 
Whereas malonate had a large inhibitory effect (compare Columns c and 
eé, Table I) on the utilization of methylene-labeled succinate, it had either 
only a very slight inhibitory effect or even an enhancing effect on the uti- 
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lization of carboxyl-labeled succinate. The enhanced utilization of car. 
boxyl-labeled succinate in the presence of malonate may be due to the 
greater availability of the succinate for Reaction C, since the succinate 
was not drawn off by oxidation. These results are in complete agreement 
with the postulation that carboxyl-labeled succinate produces labeled pro- 
toporphyrin by Reaction C only and that methylene-labeled succinate 
forms labeled protoporphyrin by Reactions C and F. 

Support of the labeling of protoporphyrin from methylene-labeled suc- 
cinate by the two pathways can be gathered by comparing the C"™ activity 
values of Columns a and d of Table I. If the methylene-labeled succinate 
were only utilized via Reaction C, the C™ activity of the hemin samples 
would be only 16/10 as high as that found for carboxyl-labeled succinate, 
since methylene-labeled succinate would label equally 16 carbon atoms 
of the porphyrin, while carboxyl-labeled succinate would label 10 carbon 
atoms (see Fig. 1). The C™ activities of the hemin samples made from 
methylene-labeled succinate (Column c, Table I) were multiplied by 10/16 
and are given in Column d. It can be seen that the activities calculated 
in Column d are still much higher than those of Column a, demonstrating 
the labeling of the porphyrin from methylene-labeled succinate by the two 
pathways. 

However, 10/16 of the C™ activities of the hemin samples made from 
methylene-labeled succinate with malonate (Column f) are quite similar to 
those made from carboxyl-labeled succinate (Column 6). These results 
demonstrate the utilization of the methylene-labeled succinate under these 
experimental conditions through Reaction C. The slightly higher values 
in Column f in Experiments 1 to 4 with whole cells are, in all likelihood, 
due to the lack of complete inhibition of the oxidation of succinate in the 
presence of malonate. On the other hand, in the experiments in which 
hemolyzed preparations were used (Experiments 6 and 7, Table 1) the 
malonate inhibition of Reaction F was more complete; the C™ activities of 
Columns b and f are equal. 

Further evidence for the existence of Reaction C and proof for the utili- 
zation of a 4-carbon atom compound for porphyrin formation were ob- 
tained by investigating the C™ distribution in protoporphyrin synthesized 
from carboxyl-labeled succinate. If Reaction C occurs and if the succinate 
is utilized as a untt, carboxyl-labeled succinate would not only give rise to 
labeled protoporphyrin, but the resulting porphyrin should have the C" 
activity pattern shown in Fig. 1. This predicted C" activity pattern is 
based on our previous evidence that each side of all the pyrrole units is 
made from the same 4-carbon atom compound (4). If the succinate were 
converted into the “active” derivative and 2 moles of the latter compound 
condensed with glycine, the common precursor pyrrole formed would con- 
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tain C'! in positions shown in Fig. 1. On utilizing 4 moles of this pyrrole 
to form protoporphyrin 4 radioactive carbon atoms from position 7 and 
2 from position 10 would be lost and the protoporphyrin would contain 
10 carbon atoms equally labeled in positions shown in Fig. 1: carbon atoms 
3 and 5 of pyrrole rings A and B and carbon atoms 3, 5, and 10 of pyrrole 


*cooH ®c00H CHa 
CH CH +GLYCINE CH CH 
®C00H GHp ——COOH 
~ 
He 
SCHo 
6CHz 8CH 6CH3 8CH 
H 
CH 
FROM 
POSITIONS 
7 AND IO 


6CH3 SCH2 6CH3 


RADIOACTIVE ol 
CARBON ATOMS “COOHIO 
Fic. 1. The distribution pattern of C' in protoporphyrin synthesized from C'- 
carboxyl-labeled succinate. The pyrrole rings are lettered and the carbon atoms 
numbered as designated previously (4, 12). 


rings Cand D. Therefore, 40 per cent of the C™ activity should reside in 
rings A and B and 60 per cent should be found in rings C and D. Further, 
if the succinate were utilized as a unit, the carboxyl groups of the proto- 
porphyrin should contain 20 per cent of the C™ activity of the porphyrin 
and its activity should be one-half and one-third of rings A and B and of 
rings C and D respectively. 

The labeled hemin obtained from carboxyl-labeled succinate was de- 
graded in order to determine the C™ distribution pattern. Methylethyl- 
maleimide, representing pyrrole rings A and B, and hematinic acid, 
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representing rings C and D, were isolated. The hematinic acid was decar. 
boxylated to yield methylethylmaleimide and CO., representing the car- 
boxyl groups of the protoporphyrin. This latter sample of methylethyl- 
maleimide from rings C and D represents comparable carbon atoms to those 
found in rings A and B (Fig. 2). It can be seen in Experiments 1 and 2 
of Table II that the activities found in these fractions agree, within experi- 
mental limits, with the theoretical values calculated for the formation of 
protoporphyrin from carboxyl-labeled succinate through Reaction C (Dia- 
gram 1), as outlined in Fig. 1; rings A and B and rings C and D contained 
respectively 40 and 60 per cent of the activity. The finding that the car- 


CH, 
A+B 
H S 
| METHYLETHYL- 
\ MALEIMIDE 
PROTO- HC H CK + 
PoRPHYRIN§ 
H C 
GHe 
CH; GH2 CH; CO, 
C#D 
COOH COOH METHYLETHYL- 
MALEIMIDE 


MESOPORPHYRIN 


HEMATINIC ACID 
Fig. 2. Degradation of protoporphyrin 


boxyl groups contained respectively one-half and one-third of the activities 
of those of rings A and B and of rings C and D is further evidence for the 
utilization of all 4 carbon atoms of succinate as a unit. It should be noted 
that the succinyl intermediate utilized for porphyrin formation will be 
unsymmetrically labeled if it arises from a-ketoglutarate,! as previously 
demonstrated (4), and symmetrically labeled when formed directly from 
succinate (Reaction C). 

In support of the above evidence, hemin was synthesized from carboxyl- 
labeled succinate in the presence of malonate. The labeled hemin was 
degraded and it was found (Experiment 3, Table IT) that the C" distribu- 

1 In unpublished experiments of J. C. Wriston, Jr., and D. Shemin, it was found 


that the C™ activity pattern among the carbon atoms of the protoporphyrin bio- 
synthesized from C'‘-y-carboxyl-labeled a-ketoglutaric acid was in agreement with 


the above results. 
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tion pattern in the protoporphyrin made from carboxyl-labeled succinate 
in the presence of malonate was the same as that made in the absence of 
malonate. 

The above results furnish more evidence that a succiny! intermediate is 
utilized, as previously postulated, for 26 of the carbon atoms of protopor- 
phyrin. ‘The mechanism of formation of the “active” succinate for por- 
phyrin formation appears to be similar to the formation of ‘active’ acetate 
or acetyl coenzyme A from pyruvate and acetate (10, 11), since this suc- 
cinyl intermediate is formed from both a-ketoglutarate! and succinate. 


TABLE II 
Distribution of C'* Activity in Protoporphyrin Made from C'4-Carbozyl-Labeled 
Succinic Acid 


riment 3 
Experiment 1 | Experiment 2 | with malonate 
(0.02 m) 


Compound analyzed for | 
activity 


Position in porphyrin 


Found* |Theoryt Found* Theoryf| Found* |Theoryt 


C.p.m. | C.p.m. | C.p.m. | C.p.m. | C.p.m. | C.p.m. 

Hemin Whole porphyrin 9000} 9670 9920 

Methylethylmale- Pyrrole rings A and | 3520 | 3600 | 3820 , 3870 | 3710 | 3970 
imide B 

Hematinic acid _ Pyrrole rings C and | 5250 | 5400 | 5880 | 5800 | 6210 | 5950 
D 

Methylethylmale- : Pyrrole rings C and | 3670 | 3600 3920 | 3870 4050 | 3970 

imide D minus carboxy | 

«groups 


Barium carbonate | Carboxy] groups | 1900 | 1800 | 1930 | 1940 | 2040 | 1990 


*The observed activities are given in the experimental section; the values re- 
ported in this table are the calculated molar activities. : 

t Based on the activity of porphyrin. 

t Determined for mesoporphyrin. 


Whether the succinyl intermediate utilized for porphyrin formation is suc- 
cinyl coenzyme A is in the process of being determined.? Although Sanadi 
and Littlefield (5), in their enzyme system, were unable to demonstrate the 
formation of succinylsulfanilamide from succinate, the experiments of 
Kaufman (7), however, indicate the formation of succinyl coenzyme A 
from succinate. 

While the demonstration of Reaction C has been interpreted above as 
the formation of a succinyl intermediate, it may also be interpreted as a 
reversal of the ketoglutarate-succinate reaction. If a-ketoglutarate were 

? The addition of a boiled liver extract or Armour’s coenzyme concentrate to a 


hemolyzed preparation increased 2- to 3-fold the utilization of succinate for porphyrin 
formation (Shemin, D., and Kumin, S., unpublished experiments). 
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formed from carboxyl-labeled succinate by Reaction C and subsequent 
carboxylation and if the ketoglutarate were directly utilized for porphyrin 
formation with the concomitant loss of its a-carboxyl group, the same re- 
sults would have been obtained. However, the ketoglutarate-succinate 
reaction has not as yet been shown to be reversible, and thus far in duck 
red blood cells, which can utilize succinate for porphyrin formation, it has 
as yet not been possible to demonstrate the reversibility of this reaction, 
In view of this and the experiments of Kaufman (7) and Sanadi and Little- 
field (5, 6), it is most reasonable to interpret Reaction C (Diagram 1) as 
the formation of a succinyl intermediate. 


EXPERIMENTAL 


Measurement of Radioactivity—All the organic and barium carbonate 
samples were assayed for their radioactivity with an end-window counter 
as “infinitely thick”? samples and the results are reported as counts per 
minute above background and as molar activity. The term molar activity 
is introduced in order to be able to relate the C™ activity of parts of a 
molecule to the C" activity of the molecule from which it is derived. Mo- 
lar activity for the compound analyzed is defined as follows: 

No. of moles of com- 


X pound in parent 
molecule 


activity (found) No. of carbon 
% C in compound © atoms in compound 


Molar activity = 


- mol. wt. (gm.) — No. of moles of compound 
= activity found — 
12 gm. in parent molecule 


C'-Carboxyl- and C'-Methylene-Labeled Succinate—The carboxy]-labeled 
succinate was obtained from the Oak Ridge National Laboratory and the 
methylene-labeled succinate from ‘Tracerlab. The succinic acid samples 
were neutralized with sodium hydroxide before use and diluted in the ex- 
periments with non-radioactive succinate. The activities of the samples 
used are given in each of the experiments. Succinate having an activity 
of 0.1 me. per mm counted, under our conditions, at the rate of 1 xX 10° 
¢.p.m. 

Preparation of Duck Red Blood Cells—Ducks were exsanguinated and the 
heparinized blood centrifuged and the plasma removed. The red _ blood 
cells were washed five times with isotonic saline and finally suspended in a 
volume of saline approximately equal to the original volume of plasma. 
Each incubation sample represented 25 to 30 ml. of the original blood 
volume. In experiments in which many blood samples were needed the 
washed red blood cells of several ducks were pooled and then divided (8). 

Lyzed Preparation of Duck Red Blood Cells—The washed duck red blood 


’Wriston, J. C., Jr., and Shemin, D., unpublished experiments. 
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eells were hemolyzed by addition of 1.5 volumes of water. After 1 hour 
in the refrigerator, solid potassium chloride was added in order to make 
the mixture isotonic and magnesium chloride in an amount so that its final 
concentration was 0.002 mM. ‘This suspension, quite capable of synthesizing 
protoporphyrin, was then utilized (2, 9). In many experiments the C™ 
activities of the hemin samples made from succinate in intact and hemo- 
lyzed preparations were quite similar (e.g. Table I, Experiment 7). 

Comparison of Utilization of C'-Carboxyl-Labeled and C'*-Methylene-La- 
beled Succinate—In the experiments of Table I samples of pooled washed 
red blood cells of the duck and hemolyzed preparations were incubated with 
equal concentrations of both labeled types of succinate (1 mg. per ml.). 
Each flask also contained 1 to 2 mg. per ml. of glycine. After shaking at 
room temperature for 20 hours, the hemin was isolated and purified by 
recrystallization, and its activity determined. In samples in which malo- 
nate was used its concentration was 0.02 m. 

The radioactivity of the carboxyl-labeled succinate used in Experiments 
1 to 7 of Table I was 0.060, 0.053, 0.055, 0.046, 0.14, 0.060, and 0.060 me. 
per mM, respectively, while that of the methylene-labeled succinate in Ex- 
periments 1 to 4 and 6 and 7 was 0.02, 0.02, 0.05, 0.05, 0.05, and 0.05 me. 
per mM, respectively. In order to compare the C™ values, the observed 
activities of the hemin made from methylene-labeled succinate were mul- 
tiplied by 3, 2.65, 1.1, 0.92, 1.2, and 1.2 in Experiments 1 to 4 and 6 and 
7 of Table I, respectively. 

Preparation of Labeled Hemin from C™-Carboxyl-Labeled Succinate—In 
the experiments of Table II, pooled washed red blood cells were shaken for 
24 hours at room temperature with carboxyl-labeled succinate (activity 0.1 
to 0.14 mc. per mM) and glycine. ‘The concentration of succinate was 0.5 
mg. per ml. and that of the glycine 1.5 mg. per ml. In Experiment 3 of 
Table II, the incubation mixture contained 0.02 M malonate. Sufficient 
blood was utilized so that about 1 gm. of labeled hemin could be isolated 
in the experiments. For degradation purposes the labeled hemin was di- 
luted 3-fold with non-radioactive hemin. 

The observed activities of the porphyrin samples of Experiments 1, 2, 
and 3 of Table II were 191, 178, and 183 ¢.p.m. above background, respec- 
tively. In Experiment 1 mesoporphyrin was counted, while the activities 
of the hemin samples were determined in Experiments 2 and 3. 


Degradation of Labeled Hemin 


The methods of degradation were similar to those previously published 
(4, 12). 

Preparation of Mesoporphyrin—The hemin was converted to mesopor- 
phyrin by methods previously published (12-14). However, in these ex- 
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periments the protoporphyrin in the formic acid was not isolated but 
directly reduced to mesoporphyrin after removal of the iron by filtration. 

Oxidation of Mesoporphyrin to Methylethylmaleimide and Hematinic Acid 
—Mesoporphyrin was oxidized to methylethylmaleimide and hematinic 
acid as previously described (12, 15, 16). The hematinic acid isolated was 
further purified by sublimation and recrystallization from water. The 
melting points of the samples of methylethylmaleimide and hematinic acid 
were 65—-66° and 114—115°, respectively. 

The observed activities of the methylethylmaleimide samples (rings A 
and B) of Experiments 1, 2, and 3 of Table IT were 152, 165, and 160 c.p.m. 
above background, respectively, while those of the hematinic acid samples 
were 172, 193, and 204 c.p.m. above background, respectively. 

Conversion of Hematinic Acid to CO. and Methylethylmaleimide—The he- 
matinic acid was decarboxylated by heating the material at 300° for 30 
minutes under a stream of nitrogen. This method is similar to that of 
Kiister (17) who reported, however, that the decarboxylation occurred at 
187-191°. We have not observed any significant evolution of carbon di- 
oxide before 290-300°. The carbon dioxide was collected in barium hy- 
droxide; yield 90 to 95 per cent. The black tarry residue was extracted 
with chloroform and the solution taken to dryness after filtration. The 
residue was sublimed and the methylethylmaleimide purified by several 
subsequent sublimations and recrystallizations from 0.2 per cent ammoni- 
acal water. The yield of methylethylmaleimide was 40 to 50 per cent, 
m.p. 65-66°. 

The observed activities of these methylethylmaleimide samples (rings € 
and D) in Experiments 1, 2, and 3 of Table IT were 158, 169, and 175 ¢c.p.m., 
above background, respectively. The observed activities of the barium 
carbonate samples (corrected for back-scattering) representing the car- 
boxyl groups of the porphyrin, in Experiments 1, 2, and 3, Table IT, were 
58, 59, and 62 c.p.m., respectively. 


SUMMARY 


An investigation of the mechanism of protoporphyrin synthesis was car- 
ried out with both intact and hemolyzed duck erythrocytes. The C" 
distribution pattern in protoporphyrin, synthesized from carboxyl-labeled 
succinate, demonstrated the utilization of succinate, as a unit, for 26 of the 
carbon atoms of protoporphyrin. The C"™ activities of hemin samples syn- 
thesized from C'-carboxyl-labeled and C'4-methylene-labeled succinate, in 
the presence and absence of malonate, were compared. It was found that, 
although both types of labeled succinate produced labeled hemin, malonate 
inhibited only the labeling of the hemin synthesized from methylene-la- 
beled succinate. It is concluded from the data that a succinyl intermedi- 
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ate or an “‘active’’ succinate which condenses with glycine to form each 
pyrrole unit of the porphyrin is a product of the tricarboxylic acid cycle 
and arises from both succinate and a-ketoglutarate. 
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CARBON ATOM 2 OF 1L-HISTIDINE-2-C", A SOURCE OF THE 
CARBON OF LABILE METHYL GROUPS IN LIVER* 


By MILTON TOPOREK, LEON L. MILLER, ann WILLIAM F. BALE 


(From the Departments of Biochemistry and Radiation Biology, The University of 
Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, March 31, 1952) 


Data presented in this report point to carbon atom 2 of L-histidine as an 
important source of the carbon of labile methyl groups. The results ob- 
tained in direct studies of the isolated perfused normal and cirrhotic rat 
liver are qualitatively and quantitatively similar to those obtained with 
intact normal rats and rats kept on a choline-deficient diet (1) for a short 
time (10 days) and a long time (1 year), the latter rats developing cirrhosis 
after 3 to 4 months. 

While this work was in progress, several brief reports appeared focusing 
attention on the metabolic réle of carbon atom 2 of t-histidine. Soucy 
and Bouthillier (2) fed L-histidine-2-C™ to rats and found 25 to 33 per 
cent of the radioactivity of the liver protein hydrolysates to be in the serine 
recovered from these hydrolysates. Of the radioactivity found in similar 
hydrolysates of the combined remaining tissues, 9 to 14 per cent was re- 
covered in serine. Reid and Landefeld (3) presented data indicating the 
use of carbon atom 2 of L-histidine for the synthesis of purines and the 
methyl groups of creatine and choline. In an earlier study in which t-histi- 
dine labeled with N** in the y-nitrogen of the imidazole ring was employed, 
Tesar and Rittenberg (4) were unable to find any evidence for the rdéle 
of histidine as a precursor of creatine or purines. 

The work reported in this paper was started under the stimulus of a 
preliminary report by Coon and Levy (5), later followed by a more com- 
plete presentation (6), in which formate was found to be an effective pre- 
cursor of histidine in yeast, Edlbacher (7) demonstrated a rat liver en- 
zyme which opened the imidazole ring of histidine to give a product which 
yielded formate, probably from carbon atom 2, upon acid hydrolysis. 
Mackenzie (8), in discussing his finding formaldehyde and formic acid on 
oxidation of C“-methyl-labeled sarcosine by liver homogenates and slices, 


* Taken in part from a thesis by M. Toporek, submitted in partial fulfilment of 
requirements for the degree of Doctor of Philosophy in the Graduate School of The 
University of Rochester. The work described in this paper was supported by the 
United States Atomic Energy Commission under contract w-740l-eng-49 with The 
University of Rochester. Part of this work was presented at the meeting of the 
American Society of Biological Chemists at New York, April, 1952 (Toporek, M., 
Federation Proc., 11, 299 (1952)). 
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came to the conclusion that all biologically labile methyl groups were 
sources of formaldehyde and formate in the rat. Du Vigneaud, Ressler, 
and Rachele (9), du Vigneaud, Verly, and Wilson (10), and Sakami and 
Welch (11) found formate to be a precursor of methyl groups. Taken 
together, these findings indicated the interesting possibility that both the 
synthesis and the breakdown of L-histidine might involve formaldehyde or 
formate, some of which could be traced to newly formed methy!] groups. 
The work reported here, showing significant incorporation of the radio- 
activity of carbon atom 2 of L-histidine into the methyl groups of choline 
and creatine, in general confirms the data of Reid and Landefeld (3), 
In addition, data are presented showing an enhancement of this methy] 
group synthesis from histidine in the presence of choline deficiencies and a 
small contribution of carbon atom 2 of histidine to fatty acid synthesis. 


EXPERIMENTAL 


Synthesis of u-Histidine-2-C"* Hydrochloride—The t-histidine-2-C* hydro- 
chloride used in this work was synthesized essentially by the method de- 
scribed by Tesar and Rittenberg (4), based on previous methods of Kossel 
and Edlbacher (12) and Ashley and Harington (13). The C-sodium 
thiocyanate used in this synthesis was obtained by the procedure of Castig- 
lioni (14) from sulfur and C'-sodium cyanide, which was prepared by the 
method of Claus ef al. (15). Certain modifications in these procedures 
introduced in this laboratory will be described elsewhere. The purity of 
the product was confirmed by nitrogen analysis, optical rotation, and homo- 
geneity on paper chromatography by the ninhydrin reaction and _ radio- 
autography. 

Intact Animal—Adult, white, Wistar strain rats, 200 to 400 gm. in 
weight, fasted for approximately 18 hours previous to the experiments, were 
fed t-histidine-2-C™% by stomach tube with or without supplements as 
indicated in the individual experiments. After 6 hours the rats were anes- 
thetized with ether and as much blood as possible removed by heart punc- 
ture. The animals were then killed by cutting the diaphragm, and the 
liver and other organs removed and immediately frozen, as was also the 
remaining carcass. The livers were lyophilized before lipide extraction. 

Liver Perfusion—The technique followed in these experiments was de- 
veloped by Miller, Bly, Watson, and Bale (16). In this procedure the 
appropriate experimental dose was added to the perfusing homologous 
blood 5 or 10 minutes after the start of the perfusion. 6 hours after the 
dose was added, the liver was removed and frozen, later lyophilized, and 
the perfusing blood centrifuged for separation of the plasma. The plasma 
was also lyophilized before lipide extraction. 

Supplements Used—In addition to receiving 17 mg. of L-histidine-2-C™ 
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hydrochloride (radioactivity equivalent to 17.4 X 10° disintegrations per 
minute per mM) in the experimental dose, each rat was given one of the 
following three supplements: (1) glucose or starch only = 2.1 gm. of glucose 
or starch, (2) glucose or starch plus amino acids for intact animals = 1.5 
gm. of glucose or starch plus 600 mg. of essential amino acids (equivalent 
to 346 mg. of Merck! Vuj-N mixture in L isomers) and 425 mg. of non- 
essential amino acids, (3) glucose plus amino acids for liver perfusions = 
500 mg. of glucose plus 160 mg. of essential amino acids (Merck Vuj-N 
mixture) and 167 mg. of non-essential amino acids. The composition of 
the essential and non-essential amino acid mixtures is given by Miller et al. 
(16). Starch was used instead of glucose in the later experiments because 
the ingestion of a large dose of glucose led to excessive accumulation of 
fluid in the gastrointestinal tract and produced hemoconcentration. 

Diet of Gyérgy and Goldblatt (1)—To make a kilo of diet the following 
were used: 640 gm. of sugar, 100 gm. of casein, 200 gm. of lard, 40 gm. of 
inorganic salt mixture (Nutritional Biochemicals No. 2, U.S. P. vitamin 
A test diet), 20 gm. of cod liver oil, 2 gm. of L-cystine, 70 mg. of niacin, 7 
mg. of thiamine hydrochloride, 3.5 mg. of calcium pantothenate, 1.4 mg. 
of pyridoxine hydrochloride, 3.5 mg. of riboflavin. 

Isolation of Choline from Liver and Blood Plasma—The lyophilized speci- 
mens were subjected to successive extractions of at least 8 hours each with 
the following solvents: ether-ethy] alcohol, 1:3, methyl alcohol-chloroform, 
1:1. The combined extracts were distilled to dryness in vacuo in a nitrogen 
atmosphere. From this total lipide extract, the phospholipide fraction 
was isolated according to the procedure described by Popjék and Beeck- 
mans (17). After the second reprecipitation of the phospholipides, the 
material was redissolved in petroleum ether (100 ml.) and washed with 
1 liter of 0.2 per cent inert L-histidine in water to remove any possible con- 
tamination by L-histidine-2-C™. Although this does not rule out the pos- 
sibility of contamination with some other radioactive material, it is un- 
likely that any other known significantly radioactive substance would be 
carried through the procedure as outlined here and persist in the final 
isolated products and their degradative fragments. The petroleum ether 
solution was then evaporated in a stream of carbon dioxide, hydrolyzed 
with barium hydroxide, and the choline isolated as the reineckate according 
to the procedure of Brante (18). The radioactive choline reineckate was 
weighed, inert carrier choline reineckate was added, and the proper cor- 
rection made in calculating the millimolar activities of the subsequent 
products. The phospholipide fatty acids were also isolated from the hy- 
drolysis mixture. The choline reineckate was converted to the chloro- 


1 We are indebted to Merck and Company, Inc., Rahway, New Jersey, for a gener- 
ous gift of amino acids. 
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platinate and then degraded to trimethylamine as described by Burke, 
Nystrom, and Johnson (19), with a minor modification. It was found 
quite suitable in the degradation procedure to precipitate the trimethyl- 
amine directly as the chloroplatinate by drawing the liberated amine into 
an alcoholic solution of chloroplatinic acid. The choline chloroplatinates 
were analyzed for platinum and samples of the choline chloroplatinates and 
the corresponding trimethylamine chloroplatinates assayed for radioac- 
tivity. The residual degradation mixture was also assayed, in most cases, 
for radioactivity trapped as carbon dioxide in the alkaline medium, by 


acidifying the alkaline mixture and evolving the carbon dioxide into the - 


ionization chamber of the assay apparatus. 

The per cent dose incorporated as liver choline was calculated on the 
basis of the weight of phospholipide actually isolated, a distribution of 
lecithin to cephalin in rat liver phospholipide of 60:40,? and the observed 
millimolar activity of the isolated choline. The values obtained are not 
strictly quantitative since they depend on the weight of phospholipide 
actually isolated and not on an estimated total weight of phospholipide 
present in each liver. However, this calculation provides a minimum 
figure for comparison of the per cent dose incorporated as choline under 
the various experimental conditions. A similar calculation was carried 
out for the fatty acids isolated from the liver phospholipides after hy- 
drolysis. Here again the calculation was based on the weight of phospho- 
lipide actually isolated, the average figures of 68 per cent for the fatty 
acid content of phospholipide and 280 for the molecular weight of the fatty 
acids, and the observed C® activities of the isolated fatty acid mixture. 

Isolation of Choline and Creatine from Carcasses—The frozen eviscerated 
rat carcasses were chopped and ground and then treated according to the 
procedure of du Vigneaud et al. (20), with several modifications as noted 
below, for the isolation of choline and creatine (as creatinine). In pre- 
paring the potassium creatinine picrate, the last two recrystallizations 
were made from a 0.2 per cent solution of inert L-histidine instead of dis- 
tilled water. The hydrolysis of creatinine was carried out in a bomb tube 
(at 110° for 48 hours) instead of under a reflux. After separation of the 
BaCQs, the filtrate plus washings was distilled almost to dryness in vacuo 
after addition of a few ml. of 20 per cent NaOH. ‘This procedure removed 
the ammonia formed during the hydrolysis and eliminated the necessity 
for fractional erystallizations to obtain pure methylamine chloroplatinate 
from the degradation of sarcosine. As in the case of the trimethylamine 
above, the methylamine was precipitated directly as the chloroplatinate 
by drawing the liberated amine through an alcoholic solution of chloro- 
platinic acid. Platinum analyses of the methylamine chloroplatinates 


2 MacLachlan, P. L., unpublished data. 
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proved the feasibility of these modifications. Samples of the choline chlo- 
roplatinates, trimethylamine chloroplatinates, potassium creatinine pic- 
rates, methylamine chloroplatinates, and barium carbonates were assayed 
for radioactivity. Most of the residual degradation mixtures were also 
assayed for activity trapped as carbon dioxide in the alkaline medium. 

Isolation of Carcass Fatty Acids -In the course of the procedure of 
du Vigneaud ef al. (20) for the isolation of carcass choline and creatine, 
the carcass fatty acids were also isolated and assayed for radioactivity. 

Radioactivity Assays—Assays of C™ activity were carried out with the 
apparatus designed and described by Bale.’ This apparatus makes use 
of the wet oxidation mixture of Van Slyke and Folch (21) and C™ activity 
of the resulting carbon dioxide is measured in an ionization chamber 
coupled with a dynamic vane electrometer and an Esterline-Angus auto- 
matic recorder. The carbon dioxide of the barium carbonate samples and 
of the degradation mixtures was liberated by acidification with hydrochloric 
acid. 

In general, the accuracy of the C™ assays reported is at least within 
+4 per cent. If the radioactivity of a sample fell to twice the background 
level, or lower, with a consequent decrease in accuracy, the values cor- 
responding to such a sample are placed in parentheses in Tables IT to V. 


Results 


Although the number of animals used under any particular set of con- 
ditions in the experiments reported here was small and the data would 
obviously not bear statistical scrutiny, all the results obtained so far 
uniformly point to the validity of the comparisons and conclusions pre- 
sented in this paper. 

A comparison of the radioactivities of the choline chloroplatinates én 
rived from the livers of intact rats and perfused rat livers (Tables I and 
II respectively) and their corresponding trimethylamine chloroplatinates 
shows that approximately 80 to 90 per cent of the activity of the cho- 
line chloroplatinate is found in the trimethyl group. Cirrhotic Rat HR-18 
provided the only exception, all the activity being found in the methyl 
groups. Furthermore, the isolated rat livers perfused with whole blood 
convert as much radioactivity from L-histidine-2-C™ into methyl groups 
as do the intact animals. 

If normal rats and the isolated perfused liver can use carbon atom 2 
of histidine for the synthesis of methyl groups, the stress of choline de- 
ficiency should enhance this process. This prediction received support 
from the data of Tables I, II, and III. In Rat HR-17, on the choline- 
deficient diet for only 10 days and with starch as the only supplement in 


* Bale, W. F., data to be published. 
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the experimental dose, a greatly enhanced utilization of carbon 2 of his. 
tidine for methyl group synthesis was produced (Table I). The small 
enhancement in methyl group synthesis shown by Rat HR-18 is probably 
related to the presence of other sources of methyl group carbon in the amino 
acid supplement given to this rat in the experimental dose. Methionine 
and serine are to be considered as sources of carbon for labile methyl groups. 


TABLE I 
Incorporation of Radioactivity of Carbon Atom 2 of u-Histidine-2-C™ into Liver 
Choline of Intact Rats 


Choline chloroplatinate 


Trimethyl- 
Rat preparation Supplements* | Per cent | chloroplati 
rated} | 
Normal, male (HR-1) _ None 31 | 0.43 ' 31.9 26 
female (HR-11) Glucose 162 0.54 31.8 
 (HR-12) “  +amino 15 0.11 31.5 13 
acids | 
Choline-deficient diet! 10 days, Starch 214 2.12 31.8 184 
male (HR-17) 
Choline-deficient diet deve. amino 46 0.42 | 32.2 47 
male (HR-18) acids | 
Cirrhotic, | male (HR-9) Glucose | 
| CHR-10) 4+ gmino| 21 | 0.15 | 31.3! 16 
acids | | 


* All rats received 17 mg. of L-histidine-2-C'* hydrochloride, equivalent to 174 
X 107 disintegrations per minute per mm plus supplements as indicated. 

+ C activity in disintegrations per minute per mm X 10~. 

t Calculated as a minimum value (see ‘‘Experimental’’). 

§ Theoretical platinum content, 31.7 per cent. 

| Cirrhosis induced by feeding rats for approximately 1 year on the diet of Gyérgy 
and Goldblatt (1), low in protein and vitamin E, and devoid of choline. 


The comparatively low incorporation seen in Rats HR-9 and HR-10, both 
definitely cirrhotic and not far from the terminal stage, may in part be 
ascribed to the marked hemoconcentration observed in both rats at the 
time of sacrifice. In the case of the perfused rat liver, in which the cir- 
culation of the blood was maintained much more uniformly from experi- 
ment to experiment, the cirrhotic livers showed a large increase in methyl 
group synthesis from histidine over that in the normal perfused liver. 
The increase in methyl group synthesis shown by Rat HR-11, a normal 
female, with only glucose as a supplement, contrasts with the low synthetic 
activity shown by Rat HR-12, also a normal female rat dosed with glucose 
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and amino acids as a supplement. This difference is referable to at least 
two factors, sex and amino acid supplements. We have observed that 
female rats are very slow to develop experimental cirrhosis when kept on 
the Gyérgy and Goldblatt diet (1), while male rats generally develop 
cirrhosis in 3 or 4 months. A similar observation was made by Griffith (22) 
in a study of the effects of choline deficiency on young rats. In other 


TaBLeE II 
Incorporation of Radioactivity of Carbon Atom 2 of u-Histidine-2-C™ into Choline of 
Perfused Rat Liver and of Perfusing Blood Plasma Phospholipides — 


Trimethylamine 
Choline chloroplatinate | chloroplatinate 
activityt 
Rat liver preparation Supplements* | | Blood plasma 
Ac- nel Ac- \Per cent 
tivityt | corpo- Pt§ —_ittivityt | Pt§ 
| ratedt 
Normal, male _ Amino acids — 25 | 0.09 | 32.0 (10) | 31.8 | 20 
(RLP-61) | 
Normal, male Glucose + | | 14 | 32.0 (3.6) 
(RLP-66) amino acids | 
Cirrhotic,| male 31.6 | 36 31.8 77 
(RLP-60) 
Cirrhotic, male | 77 | 0.50 | 31.5 | 25 | 31.8 (14) 


* Perfusing blood received 17 ing. of L-histidine-2- cu hydrochloride, equivalent 
to 17.4 X 10’ disintegrations per minute per mM plus supplements as indicated. 

t C' activity in disintegrations per minute per mm X 10‘. C" activities in pa- 
rentheses in this and the following tables correspond to measured net values less 
than twice background C" activity. 

t Calculated as a minimum value (see ‘‘Experimental’’). 

§ Theoretical platinum content, 31.7 per cent. 

| Cirrhosis induced by feeding rats for approximately one year on diet of Gyérgy 
and Goldblatt (1), low in protein and vitamin E, and devoid of choline. 


words, Rat HR-11, a normal female, presented with histidine as a restricted 
source of carbon for methyl group synthesis, utilized this source more ef- 
ficiently than a normal male rat in a similar situation and also to a greater 
extent than a corresponding female rat presented a greater choice of sources 
of carbon for methyl group synthesis in the form of an amino acid sup- 
plement including methionine and serine. | 

The level of radioactivity in the choline of blood plasma phospholipide _, 
from perfused normal livers (Table II) follows the same pattern as the “' 
level of radioactivity found in the liver choline. This is in keeping with 
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TaB_Le III 
Incorporation of Radioactivity of Carbon Atom 2 of L-Histidine-2-C™ into Rat Carcass 
Choline 
| Choline Trimethylamine 
chloroplatinate chloroplatinate 
Rat preparation Supplements* 
Per cent Pt Per cent Pt 
Activityt | (theoreti- | Activityt (theoreti- 
cal 31.7) ' cal 37.0) 
Normal, male (HR-1) None 1.32 31.3 1.19 37.4 
- female (HR-12) Glucose + 0.53 31.7 (0.13) 
amino acids | 
Choline-deficient, male (HR- | Starch 2.84 31.2 2.59 37.2 
17) | 
Choline-deficient, male (HR- |“ + 0.58 | 31.8 | 0.47 
18) amino acids | | 
Cirrhotic, male (I1R-10) Glucose + 0.62 | 31.8 | 0.28 36.7 
amino acids | | 


* All rats received 17 mg. of L-histidine-2-C'* hydrochloride, equivalent to 17.4 
< 107 disintegrations per minute per mm plus supplements as indicated. 
+ C" activity in disintegrations per minute per mm X 10™*. 


TaBLe IV 
Incorporation of Radioactivity of Carbon Atom 2 of L-Histidine-2-C' into Rat Carcass 
Creatinine 
Potassium creatinine | Methylamine 
picrate chloroplatinate 
R ti S ] | 
at preparation upplements* carbonate, 
| Ac- Per cent per cent, Ac- Per cent activity? 
| tivityt | incor. fninet | tivityt Pt 
Normal, male (HR-1) None 0.35 — 0.078 19.7 0.36 41.8 (0.004) 
Normal, female (HR-12) | Glucose + | (0.06) 0.010 18.4 | (0.02). (0.006) 
amino acids | | 
Choline-deficient, male | Starch 0.62 0.169 18.8 0.85 | 41.0) (0.000) 
(HR-17) | | | 
Choline-deficient, male 3s + 0.14 0.034 18.3 |(0.11) 41.5 (0.006) 
(HR-18) amino acids | 
Cirrhotic, male (IIR- | Glucose + 0.020 19.0 (0.11) 41.6 | (0.008) 
10) amino acids | | 


* All rats received 17 mg. of L-histidine-2-C' hydrochloride, equivalent to 174 
< 10’ disintegrations per minute per mM plus supplements as indicated. 

+ C" activity in disintegrations per minute per mm X 10"*. 

t Analyzed for creatinine colorimetrically by the Jaffe reaction. Theoretical 
creatinine content (1 mole of creatinine per mole) = 18.6 per cent. 

§ Theoretical platinum content (2 methyl carbons per mole) = 41.4 per cent. 
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the notion that the liver is a major, if not the sole, source of plasma phos- 
pholipide synthesis (23, 24). However, the fraction of blood choline ac- 


TABLE V 
Incorporation of Radioactivity of Carbon Atom 2 of L-Histidine-2-C™ into 
Phospholipide Fatty Acids of Rat Liver and Carcass Fatty Acids 


| Fatty acids 
"From liver From carcass 
| Per cent Per cent 
‘Activityt) incor. | Activityt | incor- 
poratedt porated{ 
Intact animals 
Normal, male (HR-1) | None 0.14 | 0.012 | @.04) | 0.21 
“ female (HR-11) Glucose 1.15 | 0.024 | 
 (HR-12) 3.91 | 0.173 0.08 0.40 
| 


amino acids | | 
Choline-deficient, male (HR-17) Starch 0.67 | 0.041 (0.02) | 0.15 
 (HR-18) | + amino | 0.03 0.34 
acids 


Glucose + amino! 1.24 | 0.056 | 0.22 | 0.76 
acids 


Cirrhotic, male (HR-10) 


Perfused liver 


Normal, male (RLP-61) | Amino acids | 1.59 0.036 | 
Cirrhotic, male (RLP-60) Glucose + amino 0.34 | 0.022 | 
acids | 
 (RLP-62) | | 0.78 0.037 


* All rats and the perfusing blood received 17 mg. of L-histidine-2-C"™ hydro- 
chloride, equivalent to 17.4 X 107 disintegrations per minute per mm plus sup- 
plements as indicated. 

t C activity in disintegrations per minute per mm X 10™. 

t Caleulated as a minimum value (see ‘‘E-xperimental’’). 


tivity in the methyl! groups is definitely lower than that in the liver choline 
methyl groups. 

The effect of the amino acid supplement on the utilization of carbon 
atom 2 of histidine for methyl group synthesis is revealed in the activities 
found in carcass choline (Table III). Rat HR-17, on a choline-deficient 
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diet for 10 days with starch as the only supplement in the experimental 
dose, shows a 2-fold increase in activity over Rat HR-1, a normal animal 
on a normal diet. Rats HR-12, HR-18, and HR-10, a normal rat, a rat 
on the choline-deficient diet for 10 days, and a definitely cirrhotic rat, 
respectively, all received the amino acid supplement and all show decreased 
activity in the choline isolated. Rats HR-12 and HR-10 also exhibit a 
definite decrease in the usual fraction of total choline C™ activity found in 
the methyl groups. By the same token, this indicates greater incorpora- 
tion of histidine-2-C™ in the ethanolamine moiety of choline, probably 
via serine (25). 

The same effect of the amino acid supplement on methyl! group synthesis 
from carbon 2 of histidine is found in the C data of Table IV, dealing 
with creatine in the rat carcass. Rat HR-17 again shows a definite in- 
crease in activity over Rat HR-1, and Rats HR-12, HR-18, and HR-10, 
receiving the amino acid supplement, not only show a decrease in activity 
incorporated but also a decrease in the fraction of the total creatine ac- 
tivity found in the methyl group. The very low activity in the BaCO, 
samples from the hydrolysis of creatinine samples indicates that very little 
activity of the creatine arose from carbon dioxide fixation in the guanidine 
moiety. 

From the data in Table V, it appears that carbon atom 2 of histidine 
makes a small contribution to fatty acid synthesis in the rat, probably 
via formate. Brady et al. (26) have reported no incorporation of radio- 
activity into fatty acids from C*-formate and formaldehyde by rat liver 
slices. Their negative result, however, is not necessarily incompatible 
with our result because of the relatively low concentration and activity 
of the substrates used by Brady and the fact that conversions performed by 
liver slices are quantitatively lower than comparable conversions in intact 
rats or isolated perfused rat livers. Since the experiments reported here 
were designed to remove radioactive contamination only in the form of 
histidine-2-C™, little can be said at present of the significance of these 
findings. However, the incorporation of radioactivity from carbon 2 of 
histidine into fatty acids is not very surprising in view of the facts that 
about 15 per cent of the radioactivity incorporated into liver choline is 
found in the ethanolamine moiety and that serine can go to pyruvate and 
thence to fatty acids. Work is now in progress to rule out radioactive 
contamination of any kind and to determine the distribution of activity 
in the fatty acids. 


DISCUSSION 


The results presented here, partly in confirmation of those reported 
by Reid and Landefeld (3), show conclusively that carbon atom 2 of L- 
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histidine is a normally available source of the carbon of methy!] groups in 
the synthesis of choline and creatine and contributes also to the ethanol- 
amine moiety of choline and to fatty acid synthesis. 

At present there are no direct data to demonstrate the actual quantita- 
tive importance of carbon atom 2 of histidine as a source of the carbon 
of labile methyl groups. However, taken in conjunction with our data, 
results reported in the recent and older literature warrant the speculation 
that histidine is a very important source of methyl groups under stress 
of a choline deficiency. Griffith (22), using a diet containing 15 per cent 
casein and various amounts of added choline, found that young rats re- 
quired approximately 1 mg. of choline chloride daily to prevent hemor- 
rhagic degeneration of the kidneys. 2 to 3 times as much choline are re- 
quired for the prevention of fatty livers, but Griffith also found that there 
was a marked decrease in the choline requirement of rats over 30 days of 
age. On the basis of the per cent dose incorporated into the methy! groups 
of choline from 17 mg. of t-histidine-2-C™" hydrochloride, Rat HR-17 
synthesized approximately 0.05 mg. of choline in the 6 hours of the ex- 
periment. | 

Further work by Griffith and Mulford (27) can now be interpreted to 
indicate the importance of the synthesis of methyl groups from histidine. 
On a diet containing 24 per cent of a mixture of amino acids (28) devoid of 
glycine, serine, and methionine, and with a histidine hydrochloride content 
of 2.7 per cent, only one of eight rats developed any hemorrhagic lesions. 
These rats consumed an average of 2.1 gm. of food per day, thus receiving 
approximately 14 mg. of histidine hydrochloride daily, an amount almost 
identical with the dose used in the experiments described in this paper. 

Rose, Burr, and Sallach (29), in a study of the growth of rats on a diet 
devoid of glycine, serine, and cystine, and low in choline, came to the 
conclusion that the ability of the rats to gain at slightly subnormal rates 
while feeding on the above diet demonstrated a source other than inter- 
conversion of related amino acids for at least one of the compounds in 
question. Carbon atom 2 of histidine, with its demonstrated conversion 
to the labile methyl] groups of choline, especially under the stress of choline 
deficiency, can now be proposed as one source which might explain the 
continued growth of rats on the deficient diet of Rose et al. (29). 

Du Vigneaud eé al. (20), in discussing the results of their study of the 
synthesis of labile methy] groups in germ-free and normal rats fed deuterium 
oxide, speculate as to the manner in which the new deuterium-labeled 
methyl group is created. They propose the possibility that the new methyl 
group is formed during the synthesis of methionine from homocysteine, 
eventually reaching choline through transmethylation, but do not indicate 
& possible source for the labile methyl carbon. Under the conditions of 
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the experiments performed by du Vigneaud et al. (20), methyl group syn- 
thesis from carbon 2 of histidine-2-C™ in the presence of deuterium oxide 
should yield methyl! groups labeled with both deuterium and C® and thus 
afford an explanation for their findings (20). 

In a reinvestigation of the lipotropic action of various amino acids, 
Eckstein (30) concluded that no amino acid other than methionine showed 
any such action. In view of the relatively low daily intake of histidine by 
the rats on the various diets used in his study and the large variations 
observed between different groups on the same diets, it is difficult to cor- 
relate his results with our proposal that histidine should exhibit lipotropie 
activity. 

On the basis of the wide-spread distribution of histidine in dietary pro- 
teins which often have a higher histidine than methionine content, it 
would seem that histidine must now be considered as a source of labile 
methyl groups of major importance in the economy of the rat. However, 
the ultimate evaluation of the true potency of carbon atom 2 of L-histidine 
as a source of carbon of labile methyl groups must await further diet ex- 
periments with histidine as the sole possible source of the carbon of these 
methyl groups. 


SUMMARY 


1. The demonstration of the conversion of carbon atom 2 of L-histidine- 
2-C™ to the carbon of labile methyl groups of liver, blood, and body cho- 
line and body creatine as a normal process in the intact rat has been con- 
firmed and extended. 

2. A choline deficiency of short duration in intact rats has been shown 
to enhance the synthesis of methyl groups from carbon atom 2 of histidine. 
The same has been shown to hold true for the isolated perfused cirrhotic 
liver (from rats on a choline-deficient diet for 1 year). 

3. The responses of the isolated perfused livers of normal and experi- 
mental cirrhotic (choline-deficient) rats are qualitatively and quantita- 
tively similar to those of intact rats in the conversion of carbon atom 2 of 
histidine to the carbon of labile methyl! groups. 

4. A supplement of essential and non-essential amino acids fed with 
the experimental dose containing the L-histidine-2-C™ produces a definite 
decrease in methyl group synthesis from histidine, probably by providing 
other sources of carbon for these methyl groups. 

5. A small contribution of carbon atom 2 of histidine to fatty acid 
synthesis has also been demonstrated. 

6. The amino acid histidine must now be counted as an important dietary 
source of the carbon of labile methyl groups in the rat. 
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SYNTHESIS OF ENANTIOMERIC a-BISPHOSPHATIDIC 
ACIDS 


By ERICH BAER 


(From the Banting and Best Department of Medical Research, University of Toronto, 
Toronto, Canada) 


(Received for publication, April 9, 1952) 


In 1941 Pangborn (1) reported the isolation of a complex phosphatidic 
acid from beef heart and suggested the name cardiolipin for it. The 
presence of this phospholipide seems to be essential for the complement- 
binding activity of beef heart extracts with sera of syphilitic patients. 
On hydrolysis (2) with ethanolic potassium hydroxide at room temperature 
the phosphatidic acid yielded, in addition to linoleic acid and oleic acid, 
a polyester of glycerophosphoric acid, which on further hydrolysis with 
hot dilute mineral acid readily formed glycerophosphoric acid and glycerol. 
The analytical values of the barium salt of the polyester seemed to agree 
best with those calculated for the barium salt of glyceryl tri(glycerophos- 
phate) and led Pangborn to propose tentatively structure I for cardiolipin. 
In 1948 Fleury (3, 4) reported that egg lecithin on hydrolysis with meth- 
anolic potassium hydroxide at room temperature forms a _ polymeric 
glycerophosphoric acid (glycérophosphatogéne) which resembles Pangborn’s 
polyester in that it is incapable of forming an insoluble lead salt, and, 
on hydrolysis with hot dilute mineral acid, yields glycerophosphorie acid. 
The structure assigned to this compound by Fleury and le Dizet (5) was 
similar to that proposed by Pangborn for the fatty acid-free skeleton of 
cardiolipin. 2 years later the present author and Kates (6) made the 
observation that the synthetic and undoubtedly monomolecular L-a-(di- 
palmitoyl) lecithin (7) on hydrolysis with methanolic potassium hydroxide 
at 37° yields an organic phosphate which resembles Pangborn’s and Fleury’s 
polyesters in that it is also incapable of forming an insoluble lead salt. 
These observations appear to indicate that the structure of the cardiolipin 
may not be as complex as the degradation product obtained with ethanolic 
potassium hydroxide suggests, and a reinvestigation of the cardiolipin 
structure seems desirable. 

That phosphatidic acids of less complex structure can possess a cardio- 
lipin-like activity was shown recently by Faure (8), who found that the 
phosphatidic acids of cabbage, carrots, peas, and peanuts are active as 
haptens in the Wassermann reaction, although their activity is weaker 
than that of cardiolipin. These phosphatidic acids are unsaturated and 
in general possess the simple structure shown by formula II. It seems, 
however, that the phosphatidic acids do not have to be unsaturated to be 
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serologically active. This also was shown by Faure (9) who found that 
cardiolipin and its reduction product have practically identical activities as 
antigen components. The work of Faure suggests that it may be possible 
to find saturated phosphatidic acids of relatively simple structure which 
are capable of replacing cardiolipin as the antigen component in the sero. 
diagnosis of syphilis, and which because of their simple structure would 
be readily accessible by synthesis. Work on the synthesis of simple 
phosphatidic acids has been in progress in this laboratory for some time, 
One result of these studies was the development of a generally applicable 
and efficient procedure for the synthesis of the enantiomeric forms of 
saturated a-monophosphatidic acids (10). Furthermore, we described 
several members of a hitherto unknown class of compounds; namely, the 
a-bisphosphatidie acids which are next in order of complexity in the series 


OH 
CH:00C-R CHLOOC-R 
CH—00C-R O CHOOC-R O CHOOC-R 0 CH—OOC-R 
CH: 
OH on 
(I) 
CH.0OC-R 
CH—00C-R 


CH.—O—PO:H; 
(II) 


of the polymeric a-phosphatidic acids. ‘The a-bisphosphatidic acids, how- 
ever, were obtained only in low yields and in the form of their pheny! 
esters as by-products in the synthesis of the a-lecithins (11) and a-cephalins 
(12). In view of the current interest in the phosphatidic acids as cardio- 
lipin substitutes, a generally applicable procedure has been developed by 
means of which the saturated a-bisphosphatidic acids can now be obtained 
in excellent yields. The synthesis is as follows: The enantiomeric form 
of an a,6-diglyceride (III) is phosphorylated by means of monophenyl- 
phosphoryl dichloride in the presence of pyridine. The phenyl ester of 
the bisphosphatidic acid (IV, Ry3), which is obtained in almost theoretical 
yield, is freed from its protective phenyl group by catalytic hydrogenolysis 
and yields the a-bisphosphatidic acid (V, R13). By means of this pro- 
cedure the a-bisphosphatidic acids containing as substituents either 
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nyristic, palmitic, or stearic acid were prepared and obtained in the form 
of colorless, crystalline substances which possessed distinct melting points. 


H—C—OOC-R + O + H—C—OOC-R 


H,C—OOC-R H,C—OOC-R 
Pyridine 
(IIL) (IIT) 
OCcH; 
O—CH, 
| 
O H—C—OOC-R 
| 
H.C—OOC-R (1V) H.C—OOC-R 


Tetraacy! bis(L-a-glyceryl)phosphorie acid phenyl ester 


R-COO—CH; (V) R-COO—CH; 
R-coo—C—H O R-COO—C—H 
On 


Tetraacy! bis(L-a-glyceryl) phosphoric acid* 


Ri = Re = —CisHa; Rs = — Ci3H27. 
* The tetraacyl bis(p-e-glyceryl)phosphoric acids are obtained by the same se- 
quence of reactions, with the L-a,8-diglycerides as starting materials. 


The a-bisphosphatidic acids, which are asymmetrically substituted 
mixed acid triglycerides, can be considered stereochemically either as de- 
tivatives of their diglyceride moiety (VI) or of their glycerophosphoric 
acid moiety (VII) and thus can be assigned to either one of the two optical 
ries. The choice is arbitrary. In our earlier publication (11) the di- 
glyceride moiety of the bisphosphatidic acid was used as the stereochemical 
compound of reference. For biological reasons and for the sake of con- 
tinuity it is, however, preferable to relate the bisphosphatidic acids stereo- 
chemically to their glycerophosphoric acid moieties. Thus arbitrarily, 
but in conformity with the adopted usage in the a-lecithin (11), a-cephalin 
(12), and a-monophosphatidic acid series (10), each branch of the a-bis- 
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phosphatidic acid is assigned the configuration of its glycerophosphoric 
acid moiety. ‘This configuration is readily deduced from that of the start- 
ing material, the diglyceride. Thus, for example, the glycerophosphoric 
acid moieties have the L configuration if a p-a,8-diglyceride is used as 
starting material, because in this case not the terminal hydroxy! group 
of the original p-glyceraldehyde is phosphorylated but the hydroxy] group 
which has been formed by the catalytic reduction of the carbonyl group 
of acetone p-glyceraldehyde (13). Hence the phosphoric acid occupies a 
position which is opposite to that of the phosphoric acid in p-glyceral- 
dehyde-3-phosphoric acid or its reduction product, the pv-a-glycerophos- 
phorie acid (14). 

Theoretically any a-bisphosphatidic acid containing only one kind of 
fatty acid substituent can occur in three stereoisomeric forms; namely, 


| OH i 
H.C R-COO—CH, R-COO—CH, 
| | | 
| R-COO—C—H R-COO—C—H 
| | 
H—C—OOC-R H—C—0O0C-R O | | 
| | 
He.C—OOC-R H.:.C—OOC-R 
OH 
(VI) (VII) Tetraacyl bis(L-a-glyceryl) 
phosphate phosphate 


the LL-, pp-, and the pt forms (meso form, inactive by internal compensa- 
tion). The three stereochemical possibilities are shown for the corre- 
sponding bisglycerophosphoric acids by formulas VIII, [X, and X. This 
communication describes the synthesis of members of the Lu series only. 
Their antipodes, the pp forms, are obtainable by the same procedure if 
the corresponding L-a,8-diglycerides are used as starting materials. The 
racemic a-bisphosphatidic acids (pp-, LL-) can be obtained either by mix- 
ing equimolecular amounts of the corresponding pp and LL isomers, or 
by phosphorylating the racemic a,§-diglycerides and separating the re- 
sulting mixture of racemic and meso a-bisphosphatidic acids. 

The a-bisphosphatidic acids are under investigation with regard to their 
serological activity as cardiolipin substitutes in the serodiagnosis of syphilis. 
This investigation is being conducted by Dr. R. H. Allen and Dr. D. B. 
Tonks of the Department of National Health and Welfare, Ottawa, and 
the results will be reported by these investigators in detail elsewhere. 
Preliminary tests with tetramyristoy] bis(L-a-glyceryl)phosphoric acid (V3) 
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have disclosed that it possesses sufficient activity as a cardiolipin sub- 
stitute to warrant further investigation of this class of compounds. 

The synthesis of analogues of cardiolipin is being continued in the 
hope that substances will be obtained which are fully capable of re- 
placing cardiolipin in the serodiagnosis of syphilis, and that these analogues 
in conjunction with synthetic lecithins or lecithin analogues will make 
it possible to prepare synthetic antigens with a serological activity equal 
to that possessed by antigens prepared from beef heart or other biological 
sources. 
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Tetraacyl Bis(L-a-glyceryl)phosphoric Acid Phenyl Esters 
(L-a-Bisphosphatidic Acid Phenyl Esters) 


A solution of 0.005 mole of pure phenylphosphory! dichloride (15) in 
0.06 mole of anhydrous pyridine! was added under anhydrous conditions 
to a lukewarm solution (30°) of 0.01 mole of either p-a,@-distearin (13), 
p-a ,8-dipalmitin (13), or p-a@,8-dimyristin (11) in 0.6 mole of anhydrous 
pyridine, and the mixture was allowed to stand at room temperature for 
24 hours. At the end of this period 5 moles of ice-cold water were added 
gradually? and the mixture was filtered with suction. The coarse pre- 
cipitate was washed on the filter thoroughly with water* and dried in 


‘The pyridine was boiled under a reflux with barium oxide, distilled under an- 
hydrous conditions, and kept over Drierite. 

* Too rapid addition of water causes the formation of a finely dispersed precipitate 
which is difficult to filter. 

* Caution has to be exercised in washing the myristoyl bisphosphatidie acid phenyl 
ester with water because it forms colloidal solutions readily. 
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vacuo over solid sodium hydroxide to constant weight. The bisphospha- 
tidic acid phenyl esters (IV, Ri-3) were obtained in almost quantitative 
yields. After recrystallization either from a mixture of benzene (3 parts) 
and 99 per cent ethanol (2 parts) or from acetone, the phenyl esters 
were analytically pure and possessed the same physical properties as 
were reported by us for the a-bisphosphatidic acid phenyl esters obtained 
as by-products in the synthesis of L-a-lecithins ((11), foot-notes 25, 28 
29). 
Tetraacyl Bis(L-a-glyceryl)phosphoric Acids (L-a- 
Bisphosphatidic Acids) 


A solution of the bisphosphatidic pheny] ester (0.003 mole), in a mixture 
of chloroform (0.7 mole) and ethanol (0.35 mole), and platinic oxide (0.002 
mole) was shaken vigorously in an atmosphere of hydrogen at an initial 
pressure of 40 to 50 cm. of water until the absorption of hydrogen ceased 
(1 to 2 hours). After replacing the hydrogen by nitrogen and removing 
the catalyst, the solvents were removed by distillation under diminished 
pressure at a bath temperature of 20-30°, and the residue was dried in 
vacuo (0.01 mm.) over solid sodium hydroxide. The a-bisphosphatidic 
acids were obtained in almost theoretical yields. For purification they 
were recrystallized from 20 to 25 times their weight of anhydrous acetone. 
The recovery varied from 85 to 90 per cent. 

Tetrastearoyl Bis(L-a-glyceryl)phosphoric Acid (V, R,)—M.p. 69.5-70.5 
(sinters at 68°); [a]?* = +6.2° in dry benzene (c, 4). IJ, = +81.2°% Cal- 
culated for C7gHy51012P (1311), C 71.39, H 11.52, P 2.36 per cent; found, 
C 71.37, H 11.77, P 2.40. 

Tetrapalmitoyl Bis(L-a-glyceryl)phosphoric Acid (V, R2)—M.p. 62-63 
(sinters at 61°); [a]? = +6.7° in benzene (c, 4); MW, = +80.2°. Cal- 
culated for CyHj3sOi12P (1199), C: 70.06, H 11.34, P 2.59 per cent; found, 
C 70.01, H 11.31, P 2.62. 

Tetramyristoyl Bis(L-a-glyceryl)phosphoric Acid (V, R3)—M.p. 49-0" 
(sinters at 46°); [a]? = +7.5° in benzene (c, 4); M, = +81.5°. Cal 
culated for Ce2Hy9Oi2P (1087), C 68.44, H 11.03, P 2.85 per cent; found, 
C 68.22, H 10.82, P 2.87. 

At room temperature the bisphosphatidic acids are readily soluble in 
benzene, chloroform, or ether, moderately to only slightly soluble in meth- 
anol, ethanol, dioxane, or acetone, and insoluble in water. The solubility 
of homologous bisphosphatidic acids in the same solvent decreases with 
increasing length of the fatty acid radical. 


SUMMARY 


A general procedure for the synthesis of both enantiomeric forms o/ 
fully saturated a-bisphosphatidic acids of assured constitutional and con- 
figurational purity is reported, 
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The synthesis of the tetrastearoyl, tetrapalmitoyl, and tetramyristoyl 
bis(L-a-glyceryl)phosphoric acids is described and some of their physical 
properties are reported. 


This work has been supported by a grant from the Nutrition Founda- 
tion, Inc., New York, to which the author expresses his sincere thanks. 
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ISOTOPIC DISTRIBUTION IN CHOLESTEROL AFTER 
PLATINUM-CATALYZED HYDROGEN-DEUTERIUM 
EXCHANGE* 


By DAVID K. FUKUSHIMA anp T. F. GALLAGHER 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, February 11, 1952) 


Cholesterol, stably labeled with deuterium, has been used to study the 
formation of cholic acid by the dog (1) and the transformation of choles- 
terol to pregnanediol (2) by the pregnant woman. These pioneer studies 
have demonstrated the utility of deuterium as a tracer in sterol intercon- 
versions and have opened the way to further investigations of steroid me- 
tabolism, particularly to studies dealing with the distribution and disposal 
of the adrenal and gonad hormones. Introduction of deuterium into cho- 
lesterol can be readily achieved by means of the platinum-catalyzed ex- 
change reaction in a medium of CD;COOD and D,O as shown by the 
studies of Bloch and Rittenberg (3) and of Anker and Bloch (4). The 
cholesterol obtained in this way has a useful isotopic content, and many 
biochemical investigations are possible with this product. Hormone syn- 
thesis and metabolism, however, entail a considerable loss of cholesterol 
hydrogen, as exemplified by the conversion of cholesterol to testosterone, 
a biochemical process that should remove 20 of the 46 hydrogen atoms of 
cholesterol. In addition to this loss, 5 of the 28 hydrogen atoms of tes- 
tosterone are chemically labile and potentially subject to exchange with 
the hydrogen ions of the medium. For these reasons a precise knowledge 
of the localization of the isotope in the cholesterol molecule was highly 
desirable. 

Bloch and Rittenberg (3) by a pyrolytic reaction had demonstrated an 
approximately equal distribution of the isotope between the cholesterol 
nucleus and the side chain of the cholesterol obtained from the exchange 
reaction. While these authors carefully refrained from further speculation 
about the location of the isotope, later investigations (1, 2) were based upon 
the assumption that the isotope was randomly distributed throughout the 


* This investigation was supported by grants from the Teagle Foundation, the 
Anna Fuller Fund, the Lillia Babbit Hyde Foundation, and the National Cancer 
Institute, United States Public Health Service. Presented in part before the Ameri- 
ean Society of Biological Chemists at Atlantic City, April, 1950 (Federation Proc., 
9, 174 (1950)), and the Ciba Foundation Conference at London, March, 1951 (Isotopes 
in biochemistry, Philadelphia, 28 (1951)). Deuterium oxide and deuterium gas were 
obtained from the Stuart Oxygen Company, San Francisco, California, on allocation 
from the Atomic Energy Commission. 
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molecule. A uniform distribution was no longer considered tenable when 
we found that nearly half of the deuterium in cholesterol was lost when 
the compound was converted to cholestenone. (Cholesterol (I), 2.48 D, 
yielded cholestenone (II), 1.34 D, after oxidation and equilibration with 
base. ‘The symbol D signifies gm. atoms of deuterium per mole of com- 
pound and is so used throughout this report.) It was clear from this result 
that 46 per cent of the deuterium in cholesterol from the exchange reaction 
was localized at or distributed among C-2, C-3, C-4, and C-6, since these 
carbon atoms in cholestenone were the only ones that could lose deuterium 
by either oxidation or equilibration with the medium through enolization, 
When cholesterol acetate with 2.48 D was converted to dehydroisoandros- 
terone (III) containing 1.17 D after alkali equilibration, it was clear that 


1340 I 2.48D M 1.170 
Jor; | Sebati 

COOH 

t COOH 
HO 
IW 1.190 1.200 w 
1 


removal of the cholesterol side chain was accompanied by the loss of 1.31 
D. Therefore it was evident that, if the possibility of deuterium at C-16 
or C-17 is excluded, the isotope lost in the transformation of cholesterol to 
cholestenone was the total amount of deuterium contained in the steroid nucleus. 
The location of the isotope at C-2, C-3, C-4, and C-6 in dehydroisoandros- 
terone was confirmed by oxidation to A‘-androstene-3 ,17-dione (VI) and 
equilibration with base to yield a product with a negligible content of iso- 
tope (Fig. 1). 

From the chromic acid oxidation of cholesterol acetate with 2.48 D, two 
additional products were isolated. One of these, 38-hydroxy-16, 17-seco- 
A®-androstene-16,17-dioic acid (IV), isolated as the acetate dimethy] ester, 
contained 1.19 D, thus substantiating the result and the conclusion drawn 
from the isotopic content of the dehydroisoandrosterone. The other prod- 
uct, 38-hydroxy-A®-cholenic acid (V), isolated as the acetate methy] ester 
after the acid had been heated with aqueous alkali, contained 1.20 D. The 
isotopic content of this acid demonstrated conclusively that the csotope los! 
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in the transformation of cholesterol to cholestenone was the total amount of 
deuterium in the nucleus and in the side chain up to and including C-23. The 
converse of this conclusion was that 1.28 D in the exchanged cholesterol must 
be localized at or distributed among C-24, C-25, C-26, and C-27. 

The location of the isotope at or distributed among C-2, C-3, C-4, and 
C-6 was more precisely established by further study with a sample of ex- 
changed cholesterol with 2.10 D (Fig. 2). This sample of cholesterol 
(VIT) upon oxidation to cholestenone (IX), followed by alkaline equilibra- 
tion, lost 0.94 D; 7.e., 45 per cent of the isotope was at C-2, C-3, C-4, and 
C-6, and therefore the isotopic distribution in this region of the molecule 
was identical with the preceding sample. The deuterium cholesterol (VII) 


Pt, CH3COOH OPPENAUER 
No ATM. OXIDATION 
#0 HO 


[3 
« 
=z 
=z 
=z 


xX 1.710 XI 1.630 xm 1.62 O 


was reduced in glacial acetic acid with tank hydrogen in the presence of 
Adams’ catalyst. The cholestanol (X), after alkaline hydrolysis, contained 
1.71 D. Therefore of the 0.94 gm. atom of D per mole at the 4 carbon 
atoms under consideration, almost half was exchanged with the hydrogen 
of the medium during catalytic reduction. ‘The most reasonable explana- 
tion for this result is that dewteriwm attached to the double bond was made 
labile and exchanged with the medium during the process of hydrogenation. 
This loss was not the result of an isotopic exchange of the type encountered 
at elevated temperature since at room temperature there was to all prac- 
tical purposes no exchange of hydrogen with the medium. Moreover, the 
activated complex formed in the process of hydrogenation is necessary for 
this type of exchange because, when the same sample of deuterium choles- 
terol was shaken in acetic acid solution with the same catalyst in the ab- 
sence of hydrogen, there was only a minor loss of isotope (VIII). The 
exchange of hydrogen on a double bond during catalytic reduction is a 
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fairly general reaction that has been studied in these laboratories and the 
results will be described elsewhere. 

The cholestanol (X) with 1.71 D was oxidized to cholestanone by means 
of chromic acid without subsequent heating in the presence of acid or base. 
The cholestanone (XT) contained 1.63 D and therefore 0.08 D was attached 
to C-3. There was no isotope at either C-2 or C-4, as evidenced by the 
fact that the deuterium content was unchanged after 2 hours heating with 
alkali (XII). These results demonstrate clearly that the tsotope thus far 
referred to as at C-2, C-3, C-4, and C-6 is in actuality almost exclusively at C-6 
with a small amount at C-3. Thus the platinum-catalyzed exchange reaction 
with cholesterol in 70 per cent solution of CD;COOD-D.O yields a deute- 
rium cholesterol with 40 per cent of the incorporated isotope at C-6, and 52 per 
cent at or among C-24, C-25, C-26, and C-27. 


EXPERIMENTAL! 


Cholesterol-d—Cholesterol-d was prepared by the method of Anker and 
Bloch (4) and Bloch and Rittenberg (3). A suspension of 1.25 gm. of 
Adams’ catalyst in 40 ml. of acetic-d; acid-d and 13 ml. of 99.9 per cent 
deuterium oxide was shaken with 99.5 per cent deuterium gas and, after 
reduction of the catalyst was complete, 12.50 gm. of cholesterol were added. 
The mixture was frozen in dry ice-acetone slush and the vessel was evacu- 
ated and sealed. The reaction mixture was then shaken at 127° + 2° for 
3 days. The catalyst was filtered off and the solvent removed 1n vacuo in 
a closed system. The gelatinous residue was dissolved in 100 ml. of meth- 
anol, 10 ml. of benzene, and 100 ml. of 5 per cent methanolic potassium 
hydroxide, and the solution was refluxed for 1 hour. After working up the 
hydrolysis mixture in the usual way, 13.7 gm. of crystalline product were 
obtained. Recrystallization from ‘acetone gave 3.58 gm. of cholesterol-d, 
m.p. 147—148.5°, [a]? = —38.4° (chloroform). From the mother liquor 
were obtained an additional 1.82 gm. of cholesterol-d, m.p. 145.5—147.5°. 

The two crops of cholesterol-d were combined and acetylated with acetic 
anhydride and pyridine at room temperature. Recrystallization from eth- 
anol gave 5.25 gm. of cholesterol-d acetate, m.p. 114.5-116.5°; 5.16 atoms 
per cent excess deuterium or 2.48 D. 

Cholestenone-d from Cholesterol-d Acetate—Cholesterol-d acetate (250 mg., 
5.16 atoms per cent excess deuterium or 2.48 D) was diluted with 900 mg. 
of normal cholesterol acetate (factor = 4.60). 

The diluted cholesterol-d acetate (1.10 gm.) was hydrolyzed with potas- 
sium hydroxide for 2 hours under a reflux. Cholesterol-d thus obtained 
was subjected to an Oppenauer oxidation with cyclohexanone and alumi- 
num tert-butoxide for 3 hours. The reaction mixture was worked up in the 


1 All melting points are corrected. 
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ysual manner to give 926 mg. of yellow oil. A portion (210 mg.) of the oil 
was chromatographed on acid-washed alumina and cholestenone-d, m.p. 
78.5-80.5°, was obtained; 0.768 atom per cent excess deuterium (corre- 
sponding to 1.55 D in the undiluted cholestenone). 

The remainder (716 mg.) of the yellow oil from the Oppenauer oxidation 
was equilibrated with a solution of 40 ml. of methanol, 8 ml. of water, and 
24 ml. of 5 per cent methanolic potassium hydroxide for 2 hours under a 
reflux. ‘The mixture was worked up in the usual way to give 646 mg. of 
yellow oil. Chromatographic separation on acid-washed alumina and re- 
crystallization from acetone gave cholestenone-d, m.p. 79-80°; 0.662 atom 
per cent excess deuterium (corresponding to 1.34 D in the undiluted cho- 
lestenone). 

Chromic Acid Oxidation of Cholesterol-d Acetate—Cholesterol-d acetate | 
(2.019 gm., with 5.16 atoms per cent deuterium or 2.48 D) was diluted with — 
10.064 gm. of normal cholesterol acetate (factor = 5.98). The oxidation 
procedure has been essentially described (5). To a solution of 12.00 gm. 
of diluted cholesterol-d acetate in 48.5 ml. of ethylene chloride and 2.5 ml. 
of acetic acid was added a solution of 1.55 ml. of bromine and 1.2 ml. of 
pyridine in 102.5 ml. of ethylene chloride. The mixture was stored in the 
refrigerator for 2 days. The brominated cholesterol acetate solution was 
further diluted with 21.5 ml. of ethylene chloride and 125 ml. of acetic acid 
and chilled to 12°. To the cold solution were added 184 ml. of a solution 
containing 28 gm. of chromic acid in 36 ml. of water, 130 ml. of acetic acid, 
and 23.2 ml. of concentrated sulfuric acid over a period of 9.5 hours, main- 
taining the temperature of the oxidation reaction mixture between 16—20°. 
The mixture was then stirred at 20° for another 13 hours and the excess 
chromic acid was destroyed with ethanol. 1 liter of 15 per cent sodium 
chloride solution was added and the mixture was extracted with large vol- 
umes of ether. The ether extracts were combined and washed with 10 per 
cent sodium chloride solution, dilute hydrochloric acid, and 10 per cent 
sodium chloride solution. The ether solution was dried over sodium sul- 
fate and the solvent was evaporated, yielding a yellow oil. The oily oxi- 
dation product was dissolved in 200 ml. of acetic acid and 10 gm. of zinc 
dust were added portionwise within a period of 1.5 hours at 20°. The 
mixture was stored for another 12 hours at room temperature. ‘The or- 
ganic material was taken up into ether and the ether extract was washed 
with 10 per cent sodium chloride solution and dried over sodium sulfate. 
Evaporation of the solvent yielded 12.9 gm. of oily halogen-free product 
which was partitioned between ether and 16 per cent sodium hydroxide 
solution to give 2.70 gm. of neutral material and 8.53 gm. of acidic material. 

Dehydroisoandrosterone-d Acetate—The neutral fraction (2.70 gm.) was 
separated with Girard’s Reagent T and 1.415 gm. of ketonic and 1.242 gm. 
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of non-ketonic material were obtained. The ketonic fraction was saponi- 
fied by refluxing with 75 ml. of methanol and 50 ml. of 5 per cent meth- 
anolic potassium hydroxide for 2 hours under nitrogen. The hydrolysis 
mixture was worked up in the usual way to give 1.095 gm. of reddish oil. 
The product was chromatographed on acid-washed alumina and tbe ben- 
zene eluate gave 565 mg. of crude dehydroisoandrosterone-d. Acetylation 
of a portion of this product with acetic anhydride and pyridine at room 
temperature and recrystallization from ethanol and from petroleum ether 
gave dehydroisoandrosterone-d acetate, m.p. 168-169.5°, = —5,9° 
(chloroform); no depression in the melting point when admixed with an 
authentic sample, m.p. 168—170°, and [a]? = —4.8° (chloroform); 0.649 
atom per cent excess deuterium (corresponding to 1.17 D for the undiluted 
dehydroisoandrosterone-d acetate). 

ndrostene-3 , 17-dione-d—Dehydroisoandrosterone-d acetate — (163 
mg.) obtained above was hydrolyzed with methanolic potassium hydroxide 
for 15 minutes under a reflux. The hydrolyzed product was oxidized by 
the Oppenauer method. The crude androstenedione-d thus obtained was 
refluxed under nitrogen for 2 hours with 25 ml. of methanol, 15 ml. of 5 
per cent methanolic potassium hydroxide, and 5 ml. of water. Chromato- 
graphic separation on acid-washed alumina and recrystallization from ace- 
tone-petroleum ether gave A*-androstene-3 ,17-dione, m.p. 170.5—-171.5°; 
0.02 atom per cent excess deuterium (corresponding to 0.031 D for the un- 
diluted androstene-3 , 17-dione). 

Separation of Acid Fraction—Vhe acidic fraction (8.53 gm.) from the 
chromic acid oxidation of cholesterol-d acetate was selectively methylated 
with 400 ml. of absolute methanol and 1 ml. of concentrated sulfurie acid 
at room temperature. A portion of the methanol was removed in vacuo 
and the mixture was taken up into ether. The ether solution was washed 
with water, repeatedly with saturated sodium bicarbonate solution, and 
again with water. From the ether solution were obtained 4.27 gm. of an 
oily mixture of methyl esters. The sodium bicarbonate solution was acidi- 
fied and worked up in an appropriate manner to give 2.77 gm. of yellow 
oily mixture of acids. 

Methyl 38-Acetoxy-A*-cholenate-d——Acetylation of the neutral ester mix- 
ture (4.27 gm.) with acetic anhydride and pyridine at room temperature 
overnight yielded 4.61 gm. of amber oil which was chromatographed on 
acid-washed alumina. The benzene-petroleum ether (1:9) eluate yielded 
an oil which on recrystallization from acetone-methanol gave methyl 38- 
acetoxy-A®-cholenate-d, m.p. 156.5-157.5°; [a]?> = —43° (chloroform); no 
depression of the melting point upon admixture with an authentic sample; 
[a}25 = —43° (chloroform); 0.476 atom per cent excess deuterium (corre- 
sponding to 1.20 D for the undiluted methyl 38-acetoxy-A*-cholenate-d). 
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Dimethyl 38-Acetoxy-16 , 17-seco-A*-androstene-d-16 ,17-dioate—The acidic 


=) material obtained from the partial esterification (2.77 gm.) was methylated 


a with diazomethane and was then acetylated at room temperature overnight 
oil with acetic anhydride and pyridine to give 3.02 gm. of yellow oil. The 
en. | product was chromatographed on acid-washed alumina and 598 mg. of 
ai semicrystalline material were obtained which, after repeated recrystalliza- 
ai tion from methanol, gave 91 mg. of dimethyl 36-acetoxy-16, 17-seco-A°- 
her androstene-d-16 ,17-dioate, m.p. 153.5-154°; = —82.2° (chloroform); 
59° reported (6) m.p. 150-151°, [a]?? = —88° (chloroform); no depression of the 


melting point when admixed with the authentic sample,? m.p. 153-154°; 
549 0.584 atom per cent excess deuterium (corresponding to 1.19 D for the 
undiluted dimethyl ester). 


C2:3H3O¢. Calculated, C 67.95, H 8.43; found, C 67.97, H 8.59 
18 Hydrogenation and Oxidation of Cholesterol-d to Cholestanone-d—Choles- 


ide terol-d (319.4 mg.), containing 4.56 atom per cent excess deuterium or 2.10 
by D, was diluted with 1.279 gm. of non-isotopic cholesterol (factor = 5.00). 
a This sample of diluted cholesterol was oxidized by the Oppenauer pro- 
a cedure described above. The resulting cholestenone-d, m.p. 80.5-81°, 


after 4 hours equilibration with base contained 0.525 atom per cent excess 
: deuterium (corresponding to 1.16 D for the undiluted sample). 

se 900 mg. of the diluted cholesterol-d were dissolved in 75 ml. of acetic 
acid. 250 mg. of Adams’ catalyst were added and the reaction mixture 
was shaken with tank hydrogen at room temperature until the calculated 


a amount of hydrogen had been consumed. The reduced product was re- 
id fluxed with 3 per cent methanolic potassium hydroxide for 30 minutes and 
ws worked up as usual. Recrystallization from acetone gave cholestanol-d, 
ds m.p. 142-144°; 0.712 atom per cent excess deuterium (corresponding to 
“ 1.71 D for the undiluted cholestanol). 
i 800 mg. of cholestanol-d were oxidized with an acetic acid solution of 
i chromic oxide at room temperature for 4 hours and the reaction mixture 
a was worked up in the usual way. The product was chromatographed on 
silica gel and the eluates from ether-petroleum ether (1:9) were combined 
ss and recrystallized from methanol to give cholestanone-d, m.p. 128.5-129.5°; 
uk 0.709 atom per cent excess deuterium (corresponding to 1.63 D for the 
" undiluted cholestanone). The cholestanone-d was refluxed for 2 hours with 
d 2.0 per cent methanolic potassium hydroxide. Chromatography on silica 
3 gel and recrystallization from methanol gave cholestanone-d, m.p. 127.5— 
i 129°; 0.705 atom per cent excess deuterium (corresponding to 1.62 D for 


the undiluted cholestanone). 


2 *The comparison sample was kindly furnished by Dr. E, B. Hershberg of the 
) Schering Corporation, 
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Equilibration of Cholesterol-d—600 mg. of the same diluted cholesterol-d 
were shaken in a nitrogen atmosphere with 300 mg. of prereduced Adams’ 
catalyst in 150 ml. of glacial acetic acid for 24 hours at room temperature, 
The catalyst was filtered off and the acetic acid was removed by distillation 
in vacuo. The product was refluxed with 60 ml. of 5 per cent methanolic 
potassium hydroxide for 30 minutes. The reaction mixture was worked 
up in the usual way and chromatographed on silica gel to give cholesterol-d, 
m.p. 147.5-148.5°; 0.875 atom per cent excess deuterium (corresponding to 
2.02 D for the undiluted cholesterol). 

Deuterium Analysis—The analyses for deuterium were made by combus- 
tion of the steroid in a stream of oxygen and passage of the water vapor 
through a zine-filled furnace at about 400° in a good vacuum. The ratio 
of hydrogen to deuterium was determined in the mass spectrometer. The 
deuterium analyses were performed by Robert W. Jailer of this depart- 
ment, to whom we express our thanks for this help. We are grateful to 
Dr. Harold Beyer and Mr. Mones Berman for their assistance with the 
mass spectrometer and to Miss Jean Rogers for technical assistance. 


DISCUSSION 


In view of the rather specific localization of the isotope in the choles- 
terol-d from the exchange reaction, it is pertinent to reexamine the bio- 
chemical data of Bloch (2) and of Bloch, Berg, and Rittenberg (1). These 
latter authors (1) fed cholesterol-d obtained by the exchange reaction toa 
dog with a bile-renal fistula and isolated cholic acid from the urine. They 
calculated that “a minimum of two-thirds of the cholic acid arose by degra- 
dation of cholesterol,” assuming that the circulating sterol in the plasma 
(total cholesterol) was the immediate precursor of the bile acid. Since the 
actual distribution of the isotope in the cholesterol used by these authors 
was unquestionably very similar to that demonstrated in our product, the 
conversion of cholesterol to cholic acid would have involved the loss of all 
the isotopes at or distributed among C-24, C-25, C-26, and C-27. In their 
sample this “side chain isotope”? was 45 per cent of the total amount in- 
corporated, and recalculation of their results on this basis indicates that 87 
per cent as a minimum of the cholic acid was derived from cholesterol. If 
there was any loss of deuterium from C-6 as a result of the conversion of 
the 36-hydroxyl of cholesterol to the 3a-hydroxy] of cholic acid or as a result 
of the introduction of the C-7 hydroxy] group of cholic acid, the minimal 
value of 87 per cent conversion.from blood cholesterol would rise to a higher 
percentage. The calculation assumes, of course, that there was no prefer- 
ential distribution of the ingested cholesterol between the ‘‘free’’ and the 
“ester” fraction and that both “free’’ and “ester” cholesterol contributed 
equally to the cholic acid synthesis. Similar recalculation of the data of 
Bloch (2) relative to the formation of pregnanediol from cholesterol shows 
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that a minimum of 68 per cent of the urinary pregnanediol was derived 
fom blood cholesterol. Regardless of the merits of Bloch’s assumption 
that blood cholesterol is the immediate precursor, it is apparent that a 
hormone metabolite originated from cholesterol. 

More significantly, the fact emerges from these results that an isotope 
in chemically labile position of the steroid molecule is not necessarily labile 
in a biological system. The hydroxyl group at C-3 in cholic acid is in the 
a orientation while cholesterol has the hydroxyl] in the 8 configuration at 
¢-3. The transformation of cholesterol to cholic acid requires inversion at 
C-3, accomplished undoubtedly through an oxidation step. This oxida- 
tion would produce an intermediate in which the hydrogen at C-6 was 
chemically labile unless reduction of the cholesterol double bond preceded 
inversion of the hydroxyl. The oxidation of carbon 7 necessitates an in- 
termediate in which the carbon-bound hydrogen at C-6 is chemically labile. 
Moreover, the biochemical transformation of cholesterol to pregnanediol 
probably involved the intermediate formation of a hormone such as proges- 
terone or desoxycorticosterone, both precursors of pregnanediol. In this 
event all of the isotope in cholesterol-d obtained by the exchange reaction 
would have been either lost with the removal of 6 carbons of the side chain 
or rendered chemically labile as a result of enolization of the a,6-unsatu- 
rated ketone in ring A. Despite these facts, a high proportion of the iso- 
tope appeared in the end-products isolated, so that it is quite certain that 
chemical lability does not necessarily indicate biochemical lability. This 
conclusion is in agreement with earlier qualitative results of Anchel and 
Schoenheimer (7), who found that feeding of cholestenone-d with all the 
deuterium in chemically labile positions led to the excretion of coprosterol 
containing stably bound isotope. There can be little doubt, then, that 
many enzymatic hydrogen transfers involving labile intermediates are ac- 
complished without extensive exchange with the medium. 


SUMMARY 


When cholesterol was heated in solution in deuterium acetic acid and 
deuterium oxide in the presence of active platinum, the cholesterol-d re- 
covered from the reaction contained 40 per cent of the incorporated isotope 
at C-6, 3 per cent at C-3, and 50 per cent at or among C-24, C-25, C-26, 
and C-27. 
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STUDIES ON THE PLATINUM-CATALYZED EXCHANGE OF 
HYDROGEN ISOTOPES WITH STEROIDS* 


By DAVID K. FUKUSHIMA anp T. F. GALLAGHER 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, February 11, 1952) 


Investigation of the metabolism and fate of steroid hormones has been 
greatly facilitated by isotope stably incorporated into the substance to be 
studied. For many purposes the isotopes of hydrogen are decidedly advan- 
tageous in that the chemical synthesis of the labeled steroid can be easily 
and quickly achieved with a minimum of manipulation. Moreover, since 
the endogenous pool of the hormones cannot be very large, an excessive 
dilution by the glandular products will not be encountered. It should thus 
be possible to carry out experiments with deuterium as a tracer even though 
great dilutions of this element cannot be accurately measured. Likewise, 
the stable isotope permits use of the product in normal human subjects and, 
since our eventual aim was to study human steroid metabolism, the present 
studies were undertaken to secure hydrogen-labeled steroid hormones by a 
variety of chemical procedures. Earlier publications from this laboratory 
(1-4) have dealt with the preparation of steroids containing the isotopes 
of hydrogen and this study is an extension of a broad approach. By the 
use of tritium instead of deuterium, highly radioactive hormones can be 
prepared by the same procedures as illustrated in this report and else- 
where (5). 

The exchange of deuterium for hydrogen in organic compounds with 
metallic catalysts has been extensively studied (6-8). The introduction of 
deuterium into steroids with active platinum in deuterium acetic acid and 
heavy water was reported by Bloch and Rittenberg (9), who obtained cho- 
lesterol in 44 per cent yield with 1.9 gm. atoms of deuterium per molecule 
distributed nearly equally between the nucleus and the side chain. In 
order to use this exchange reaction as a preparative method, the scope of 
its application and the optimum conditions for the reaction were studied. 
Consideration of the studies of the catalytic exchange by other investi- 


* This investigation was supported by grants from the Teagle Foundation, the 
Anna Fuller Fund, the Lillia Babbit Hyde Foundation, and the National Cancer 
Institute, United States Public Health Service. Presented in part before the Amer- 
ican Society of Biological Chemists at Atlantic City, April, 1950 (Federation Proc., 
9,174 (1950)) and the Ciba Foundation Conference at London, March, 1951 (Isotopes 
in biochemistry, Philadelphia, 28 (1951)). Deuterium oxide and deuterium gas were 
obtained from the Stuart Oxygen Company, San Francisco, California, on allocation 
from the Atomic Energy Commission. 
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gators (6, 10) led to the selection of A‘-androstene-3 , 17-dione as a suitable 
substance for study. Good isotopic incorporation and recoveries exceed- 
ing 90 per cent were obtained, substantiating this choice. 

The procedure used in the exchange reaction was essentially that of Bloch 
and Rittenberg with A‘-androstene-3,17-dione as the substrate and the 
necessary variations in catalyst, solvent, time, and temperature dictated by 
the experiment. Because of the special circumstance that 7 of the 26 hy- 
drogen atoms of A‘-androstene-3 ,17-dione are chemically labile and thus 
capable of exchanging with the medium under enolizing conditions, the 
product obtained directly from the reaction contained a very high concen- 
tration of isotope. Since the principal objective was to obtain a compound 
with isotope stably attached to the carbon skeleton, it was necessary to 
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remove the labile isotope before determination of the stably incorporated 
isotope. Heating with alkali in aqueous methanol solution effectively re- 
moved the major portion of the labile isotope within 30 minutes. After 
the initial marked loss during the first half-hour, the isotopic content of the 
A‘-androstene-3 , 17-dione diminished progressively during the succeeding 4 
hours of heating in basic solution before a constant isotope concentration 
was reached. Further treatment with base for as long as 24 hours did not 
alter the isotope content of this product (see Table I and Fig. 2). The 
explanation for these results is that the substrate used enolizes in two dif- 
ferent ways, Fig. 1, and each form contributes unequally to the equilibrium. 
Structure II, Fig. 1, almost surely makes the principal contribution to the 
equilibrium so that isotope at C-4, C-6, and C-16 is readily eliminated. On 
the other hand the equilibrium constant of the reaction I = III is much 
smaller than that of the reaction I = II, so that the isotope slowly removed 
over the course of 4 to 6 hours is probably that which was situated at C-2. 
Thus it has been demonstrated in these studies that complete equilibration 
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af the enolizable hydrogens from a substance having an a,f-unsaturated 
ketone system is a surprisingly slow reaction. Since the major portion of 
the labile isotope was removed in 30 minutes and since the residual ‘“‘semi- 
labile” isotope was roughly proportional under several experimental condi- 
tions, most of the reaction variables were examined after 30 minutes equili- 
bration with alkali. It should be noted, however, that in all significant 
points the conclusions based upon the shorter time of equilibration were 
confirmed by prolonged alkali treatment. 


TABLE I 
Platinum-Catalyzed D-H Exchange of A‘-Androstene-8 ,17-dione 


Catalyst | Solvent = pom. Atom per cent excess deuterium after equilibration with base 
steroid steroid | 0.5 hr.| thr. | 2hrs. | 4 brs. | 6 hrs. | 8 hrs. | 10 hrs. 
mg ml. °C. 
1 125 6* 55f 0.05 
2 125 6* 100 0.74 
3 125 6* 130 2.08 | 0.78 | 0.30 
4 125 6t 130 2.40 | 1.14 | 0.41 
5 125 6f | 150 2.40 0.80 | 0.54 | 0.51 
6 125 6} 1504 2.49 1.10 | 0.86 | 0.85 
7| 500 6t | 150 | 15.9 | 2.89 | 2.21 | 1.83 
8 500 24 | 150 | 16.3 | 3.94 | 3.36 | 2.79 | 2.62 | 2.55 | 2.57 | 2.56 
9 500 24§ 150 | 20.2 | 3.26 | 2.53 | 1.72 | 1.25 | 1.22 | 1.21 | 1.23 
10 500 24|| 150 | 13.4 | 3.04 | 2.69 | 1.96 | 1.86 | 1.77 | 1.74 | 1.72 
ll 500 24* 150 | 30.6 | 6.81 | 5.69 | 4.86 | 4.40 | 4.35 | 4.21 | 4.30 


*70 per cent CD,COOD-D.0. 

t Reaction time, 3 days. All others 2 days, except in Line 6. Recovery of A‘- 
androstene-3,17-dione was all on the order of 90 per cent or better. 

per cent CH;COOD-D.0. 

§60 per cent CH,;COOD-D.0. 

| 80 per cent CH;COOD-D,0. 

{ Reaction time 4 days. 


The réle of the solvent is particularly important in the exchange reaction. 
The principal problem encountered is dilution of the isotope of the medium 
by any means. If the medium contains only deuterium initially, as is the 
case when 100 per cent CD;COOD and D.O are used, dilution is possible 
only from the enolizable hydrogens and catalytically exchangeable hydro- 
gens of the substrate. Under these conditions, if all other variables are 
constant, there is a large incorporation of stably bound isotope at elevated 
reaction temperature (150°). From Lines 3 and 4, Table I, it is apparent 
that there was almost equal incorporation of stable isotope at 130° when 
either CH;COOD-D.0 or CD;COOD-D.O was used as the exchange 
solvent. At 150°, however, Lines 8 and 11 of Table I, it is clearly evident 
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that a larger amount of stably bound isotope was incorporated in the sub- 
strate with CD;COOD-D.O than with CH;COOD-D.O. The different re. 
sults under these conditions must be ascribed to dilution of the ionizable 
deuterium of the medium by hydrogen exchanged from the methyl! group 
of CH;COOD at 150°, while this dilution by exchange of the solvent itself 
occurs only to a limited extent at 130°. Dilution of the isotope of the 
medium by enolizable hydrogens from androstenedione is appreciable when 
the total amount of ionizable deuterium in the solvent is small. By in- 
creasing the solvent volume, this dilution of the effective exchangeable 
deuterium ions becomes negligible and, from Lines 7 and 8 of Table I, it is 
plain that there was a greater incorporation of stably bound isotope with 
the larger amount of solvent. Because the dilution of ionizable deuterium 
of the medium from the methyl hydrogens of acetic acid is constant for any 
given CH;COOD-D.0 mixture, there is, to all practical purposes, a ‘‘mini- 
mal effective solvent volume”’ per unit of substrate for the exchange reac- 
tion. At this “minimal effective volume,” the deuterium-hydrogen ion 
ratio is relatively little altered by exchangeable hydrogen from the sub- 
strate. Increasing the volume of solvent per unit of substrate offers no 
practical advantage. 

An interesting phenomenon was revealed by the observation that the 
optimum deuterium acetic acid concentration for the greatest incorporation 
of stably bound isotope into A‘t-androstene-3,17-dione was about 70 per cent 
CH;COOD-D.O (Line 8, Table I) and that much less deuterium was incor- 
porated with either 60 per cent or 80 per cent CH;COOD-D.20O (Lines 9 and 
10, Table 1). This effect cannot be due simply to the amount of exchange- 
able deuterium available in the medium since the ratio D:H increases as 
the concentration of acetic acid is decreased from 80 to 60 per cent. The 
optimum water concentration must be associated with the extent to which 
the substrate is adsorbed and desorbed from the surface of the catalyst. 
Bloch and Rittenberg found a similar effect in their studies with cholesterol 
(9) in that 50 per cent acetic acid was the most effective concentration for 
isotope incorporation, but it was also the concentration at which maximum 
destruction of substrate occurred. With androstenedione, there was no 
noticeable variation in recovery at any of the acetic acid concentrations 
studied. A study of some other variables in the exchange reaction con- 
firmed prediction about the general nature of the reaction. Increasing the 
time of heating from 2 to 4 days was without significant effect upon the 
stable deuterium introduced (Lines 5 and 6, Table I), from which it is prob- 
able that the reaction approaches equilibrium at about 2 days. Increase 
in the amount of catalyst resulted in a considerable increase of stable isotope 
incorporation (Lines 5 and 7, Table I) in agreement with the results of 
Bloch and Rittenberg with cholesterol. Increase in temperature likewise 
increased the stable isotope incorporation (Lines 1 to 5, Table I). 
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Effect of Functional Groups—In the initial stages of the investigation 


sub- of the exchange reaction, it seemed certain that generalizations could be 

t re- drawn about the extent to which functional groups would influence the 

able amount of deuterium incorporated into several types of steroids. It soon 

_— became evident, however, that the amount of isotope exchanged into a ster- 

tself oid was an intrinsic property of the particular compound studied. Thus, 

the it might be anticipated that a compound with multiple unsaturation or 

hen with a number of carbonyl functions would exchange more hydrogen for 

— deuterium than a compound in a lower state of oxidation. The results 

able obtained with the four related pregnane derivatives, Compounds | to 4 in 

a Table II, were clearly divergent from this presumption. Progesterone, 

ium II 

any Influence of Functional Groups on Platinum-Catalyzed D-H Exchange Reaction 

_ par ees 0.5 hr. | 1 hr. | 2 hrs. 

ub- | | 

no e gm. atoms | gm. atom ani atom 
Pregnane-3,20-dione........ | 75 0.21 0.14 0.15 

the Pregnane-3,11,20-trione. . .. 75 0.66 | 0.58 

Progesterone. .............. | 80* | 0.57 0.22 0.08 
16-Dehydroprogesterone. ... SOT | 1.12 | 0.56 0.41 

ent Androstan-3-one............ 71 | 0.40 | 0.42 0.41 

ind *18 per cent as l7a-progesterone. 

ge- t Combined yield with 16a-methoxyprogesterone. Reaction conditions: 1.00 gm. 

pt of steroid in 6 ml. of 70 per cent CH;COOD-D.O with 125 mg. of PtO2-H2O at 130° 

ow for 2 days. 


ich with an additional olefinic bond, contained less stably bound isotope than 
rst. pregnane-3 ,20-dione, whereas 16-dehydroprogesterone had incorporated 
rol more stably bound isotope than progesterone but less than the saturated 
for diketone. While pregnane-3,11,20-trione contained more stably bound 


im deuterium than pregnane-3 ,20-dione, it likewise exchanged to a greater 
no degree than either of the two unsaturated ketones, progesterone or 16- 
ns dehydroprogesterone. If one compares steroids of different carbon skele- 
mn- tons, e.g., pregnane-3 ,20-dione and androstan-3-one, it is again apparent 
he that there is no necessary correlation between structure or functional groups 


he and the amount of isotope introduced by exchange. These results indicate 
)b- that the union of catalyst and substrate and the extent to which this com- 
se plex is dissociated are characteristic properties of individual compounds, 
pe and that with the limited data available it is impossible to predict the 
of amount of isotope that will be incorporated into a given steroid by the 
se exchange reaction. 
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The use of hydroxy steroids in the platinum-catalyzed exchange reaction 
results in destruction of the substrate by dehydrogenation, hydrogenolysis, 
and hydrogenation, as Anker and Bloch (10) observed with cholestanol and 
cholesterol. It was found that only 13 per cent dehydroisoandrosterone¢ 
was recovered in the exchange of dehydroisoandrosterone, while the major 
portion of the material was converted to A‘-androstene-3 ,17-dione. With 
dehydroisoandrosterone acetate rather than the unprotected hydroxy com- 
pound, 54 per cent of the desired deuterated steroid was recovered and 
the isotope content was comparable to that obtained in the exchange of 
the free hydroxy ketone. Dehydrogenation and hydrogenation can thus 
be in part prevented by acylation of hydroxyl groups without interference 
with the exchange reaction. 

A study was made of deuterium localized in cholestenone by catalytic 
exchange in order to obtain some information about the influence which 
different functional groups in the substrate exert on the site occupied by 
the isotope. A‘-Cholesten-3-one was exchanged in the usual way at 150° 
in 70 per cent CH;COOD-D.O for 2 days. The base-equilibrated choles- 
tenone contained 0.51 D.' Conversion to cholesterol by sodium borohy- 
dride reduction of the 3-enol acetate (11), followed by chromic acid oxi- 
dation of the cholesterol-d acetate, gave dehydroisoandrosterone and 
methyl A°-lithocholenate. Oppenauer oxidation of these two products gave 
A‘-androstene-3 ,17-dione and methyl] 3-keto-A‘-cholenate containing, after 
equilibration with base, 0.03 and 0.07 D respectively. It is evident, there- 
fore, that almost all the stably bound deuterium in A‘-cholestenone was 
localized in the terminal portion of the side chain and that there was little 
stable isotope in the steroid nucleus. The site of the isotope in the side 
chain of cholestenone was therefore the same as that found with exchanged 
cholesterol (12) and, apart from the stable isotope at C-3 and C-6 in cho- 
lesterol, there was, in effect, no stably bound isotope in the nucleus of 
either compound. With exchanged dehydroisoandrosterone, a compound 
in which a carbonyl group has replaced the long alkyl side chain, there 
was, in contrast, a considerable amount of stably bound isotope in the 
steroid nucleus in addition to that at C-6. When the labeled dehydroiso- 
androsterone was oxidized to A‘-androstene-3,17-dione and equilibrated 
with alkali, approximately 40 per cent of the isotope was lost. This isotope 
lost was presumably attached to C-6 of the exchanged product, and the 
isotope remaining, 0.77 D, was stably fixed in the steroid nucleus. These 
results afford additional illustration of the influence of functional groups 
upon isotopic exchange. 

The utility of this platinum-catalyzed exchange reaction for the tagging 


1 The symbol D signifies gm. atoms of deuterium per mole of compound and is 80 
used throughout this report. 
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of steroid hormones with useful amounts of deuterium was demonstrated 
by the preparation of testosterone-d and estrone-d. The labeled andro- 
genic hormone was prepared from A‘-androstene-3 , 17-dione, deuterated by 
catalytic exchange as described above. After removal of the labile isotope 
with base, the unsaturated diketone contained 3.35 atoms per cent excess 
deuterium or 0.87 D. The conversion of A‘-androstene-3 ,17-dione-d to 
testosterone-d was accomplished by known methods, protecting the A‘-3- 
ketone as the 3-enol ether, reducing the C-17 ketonic group with lithium- 
aluminum hydride and regenerating the a,8-unsaturated ketone with acid. 
Testosterone-d thus obtained contained 2.82 atoms per cent excess deute- 


re) 
ATOM PER CENT 
EXCESS DEUTERIUM 


i 


2 6 8 

TIME HOURS 

Fic. 2. @, equilibration with base of A‘-androstene-3,17-dione-d, and O, 
4‘-androstene-3, 17-dione-t. 


rum or 0.79 D. ‘That the isotope in this hormone was stably bound was 
shown by further base equilibration without loss in isotope. 

A large amount of deuterium was incorporated into estrone by catalytic 
exchange in 70 per cent CD;COOD-D,0. About half of the total isotope 
introduced was found to be labile and was removed from the molecule by 
vigorous treatment with acid and base. It is presumed that the major 
portion of the labile isotope was removed from C-16 and the aromatic por- 
tion of the molecule. The final concentration of isotope in the estrone-d 
was strikingly high; 7.e., 14.5 atoms per cent excess or 3.20 D. 

Catalytic Exchange of Tritium—Completely analogous results were ob- 
tained when tritium was used instead of deuterium and this fact per- 
mitted investigation of the stably bound isotope incorporated into A‘-an- 
drostene-3 , 17-dione by a very sensitive analytical method. Fig. 2 demon- 
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strates that the radioactivity of this compound was unchanged from that 
found at 4 hours even when the compound was refluxed with alkali for an 
additional 20 hours. Highly radioactive products can be obtained with 
this isotope, as evidenced by the preparation of cortisone-t (5). 

Evaluation of Various Methods for Preparation of Deuterium Steroids—A 
number of the many methods for labeling steroids with isotopes of hydro- 
gen have been studied in these laboratories and a better understanding of 
the usefulness of the various procedures has been obtained. Catalytic 
hydrogenation of an unsaturated steroid is a simple procedure and a large 
amount of isotope can be introduced by this means, although the isotope 
is not necessarily localized, as one might expect, on the 2 carbon atoms 
reduced. Nevertheless, the steroid labeled in this manner is an excellent 
product for biochemical studies. The disadvantage to this method, how- 
ever, is that the desired unsaturated steroid may be difficult to obtain. 
The introduction of isotope through hydrogenolysis of halogenated or sul- 
fur derivatives of steroids (4) is likewise a useful and effective procedure 
subject to similar limitations. The catalytic exchange reaction has the 
advantage of very general applicability and can be used to incorporate a 
useful amount of isotope into a variety of steroids. However, the extent 
of exchange varies with different compounds, and in order to obtain the 
maximum incorporation in a specific compound it is probably necessary to 
investigate the reaction conditions. Moreover, since the site of the isotope 
introduced is unknown, it may be necessary to determine the localization 
for particular biochemical investigations, although for many purposes this 
is unnecessary. 

Two other useful methods involve reductions by means of isotopic lith- 
ium aluminum hydride (13) and the hydrolysis of a Grignard reagent (14, 
15) with isotopic water. These appear to have the advantage of precise 
localization of the isotope in contrast to the methods previously discussed. 
On the other hand few investigations of this localization have been reported 
and further study is necessary before general conclusions can be drawn. 


EXPERIMENTAL” 
General Method 


Exchange—The desired amount of Adams’ catalyst in one-half of the 
total solvent was reduced with deuterium gas (99.5 per cent) in a round 
bottomed flask. The deuterium was replaced with nitrogen, and 1.00 gm. 
of steroid and the other half of the solvent were added. The solution was 
frozen with dry ice-acetone and the system was evacuated and sealed. The 
suspension was then shaken or rotated in an oven at the desired tempera- 
ture for the selected time, in most cases 2 days. The reaction vessel was 


2 All melting points are corrected. 
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opened after cooling, the catalyst was filtered, and the solvent was distilled 
off under diminished pressure in a closed system. When a deuterium anal- 
ysis was desired on this product, it was purified by chromatography on 
alumina or silica gel and recrystallization. 

Removal of Labile Deuterium Atoms by Equilibration with Base—1 gm. of 
the crude or chromatographed product from the exchange reaction was 
refluxed under nitrogen with 50 ml. of methanol, 40 ml. of 5 per cent meth- 
anolic potassium hydroxide, and 10 ml. of water for the desired length of 
time. The alkaline solution was diluted with water and extracted with 
ether. The ether solution was washed with water, dried, and the solvent 
evaporated. ‘The product was then chromatographed on alumina or silica 
gel and recrystallized. 

Deuterium Analysis—The isotopic sample was diluted with a known 
weight of the same non-isotopic steroid by solution in acetone and evapora- 
tion of the solvent. All dilutions were so made that the compound would 
analyze between 0.1 and 1 atom per cent excess deuterium. The analyses 
were performed by Mr. Robert W. Jailer, using the procedure noted in the 
preceding paper (12). 

Testosterone-d—5.50 gm. of Adams’ catalyst were prereduced with deu- 
terium gas (99.5 per cent) in 125 ml. of 70 per cent acetic acid-d-deuterium 
oxide (CH;COOD-D.O). ‘To this suspension were added 11.00 gm. of A‘- 
androstene-3 ,17-dione and 140 ml. of 70 per cent acetic acid-d-deuterium 
oxide. The exchange was conducted at 150° for 2 days as described. 
Chromatographic separation of the residue on alumina afforded 10.05 gm. 
of At-androstene-3 ,17-dione-d. A small portion was recrystallized once 
from acetone-petroleum ether (60°) to give A‘-androstene-3 , 17-dione, m.p. 
170.5-171.5°, containing 18.72 atoms per cent excess deuterium or 4.87 D. 

10.00 gm. of A*-androstene-3 ,17-dione-d were refluxed for 2 hours under 
nitrogen in a solution of 500 ml. of methanol, 400 ml. of 5 per cent metha- 
nolic potassium hydroxide solution in 100 ml. of water. The solution was 
diluted with water, extracted with ether, and the ether solution was washed 
with water and dried. Evaporation of the solvent gave a crystalline resi- 
due from which 9.38 gm. of A‘-androstene-3,17-dione were obtained by 
chromatography. One recrystallization from acetone-petroleum ether 
gave 7.30 gm. of A‘-androstene-3 ,17-dione; m.p. 167—-170°. A small por- 
tion was recrystallized for analysis, m.p. 172-175°, [a]22 = +178° (ethanol); 
é400 = 15,500 (ethanol); 3.35 atoms per cent excess deuterium or 0.87 D. 
Additional 2 and 4 hours equilibration with 2 per cent methanolic potas- 
sium hydroxide solution yielded A‘-androstene-3 ,17-dione containing 3.19 
atoms per cent excess deuterium or 0.83 D, respectively. 

The 3-enol ether of A‘-androstene-3 , 17-dione-d was prepared with ethyl 
orthoformate from 6.30 gm. of A‘-androstene-3 , 17-dione, m.p. 167—170°, by 
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the method of Serini and Késter (16). Recrystallization from acetone 
yielded 3.27 gm. of enol ether, m.p. 143-151°, reported 152°. The enol 
ether was dissolved in 250 ml. of dry ether and to it was slowly added 1 
gm. of lithium aluminum hydride in 250 ml. of dry ether. After the reac- 
tion subsided, the mixture was refluxed for 0.5 hour, chilled, and the excess 
reagent destroyed with water. Dilute sulfuric acid solution was added and 
the ether layer separated. The ether was evaporated and the crystalline 
residue, dissolved in 300 ml. of ethanol and 50 ml. of 10 per cent sulfuric 
acid, was refluxed for 0.5 hour. A portion of the solvent was removed in 
vacuo and the solution was extracted with ether. The ether layer was 
washed with sodium carbonate and with water, dried, and the solvent 
evaporated. The residue (2.99 gm.) was chromatographed on silica gel and 
2.49 gm. of testosterone-d were obtained. Recrystallization from acetone 
afforded 2.30 gm. of testosterone, m.p. 153-155°; = + 108° (ethanol); 
€2440 = 16,100 (ethanol); 2.82 atoms per cent excess deuterium or:0.79 D. 
A small sample was equilibrated an additional 4 hours with methanolic 
potassium hydroxide and the product thus treated contained 2.79 atoms 
per cent excess deuterium or 0.78 D. 

Progesterone-d—800 mg. of progesterone were exchanged in the usual way 
with 100 mg. of Adams’ catalyst and 4.8 ml. of 70 per cent acetic acid-d- 
deuterium oxide at 130° for 2 days. The exchanged product was refluxed 
with base for 0.5 hour under nitrogen. The reaction mixture was worked 
up in the usual way to give 795 mg. of yellow oil which crystallized on 
standing and had é€00 = 15,700. Chromatography on alumina yielded 
progesterone, m.p. 120-121°; = +187° (ethanol); = 17,400; 
1.90 atoms per cent excess deuterium or 0.47 D. From later eluates 
17a-progesterone, m.p. 140—142°, was isolated. 

16-Dehydroprogesterone-d—1.00 gm. of 16-dehydroprogesterone was ex- 
changed in the usual way with 125 mg. of Adams’ catalyst and 6 ml. of 
70 per cent acetic acid-d-deuterium oxide at 130° for 2 days. ‘The ex- 
changed product was refluxed with base for 0.5 hour under nitrogen. The 
reaction mixture was worked up in the usual way to give 1.04 gm. of yellow 
oil which crystallized on standing. The product had E\“.n. = 378 (etha- 
nol), indicating about 75 per cent 16a-methoxyprogesterone (17). Chro- 
matography on alumina gave 16-dehydroprogesterone, m.p. 186.5-189°; 
[a]®° = +162° (ethanol); e390 = 24,900 (ethanol); 3.99 atoms per cent 
excess deuterium or 1.12 D, and 16a-methoxyprogesterone, m.p. 131—132°; 
= +112° (ethanol); = 15,500 (ethanol). 

Dehydroisoandrosterone-d—350 mg. of dehydroisoandrosterone were ex- 
changed in the usual way with 60 mg. of Adams’ catalyst and 5 ml. of 70 
per cent acetic-d3;-acid-d-deuterium oxide at 130° for 2 days. The ex- 
changed product was refluxed with base for 30 minutes and worked up in 
the usual way to give 335 mg. of oil which showed absorption at 2400 A, 
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indicating the presence of A‘-androstene-3 ,17-dione. Chromatography on 
alumina gave 45 mg. (13 per cent) of dehydroisoandrosterone, which after 
recrystallization from petroleum ether melted, 136—137°; 3.73 atoms per 
cent excess deuterium or 1.04 D. 

Dehydroisoandrosterone-d Acetate—1.00 gm. of dehydroisoandrosterone 
acetate was exchanged in the usual way with 125 mg. of Adams’ catalyst 
and 5 ml. of 70 per cent acetic-ds; acid-d-deuterium oxide at 130° for 2 days. 
The exchanged product was refluxed with base for 30 minutes. Chroma- 
tography on alumina yielded 465 mg. of crude dehydroisoandrosterone (54 
per cent), which after recrystallization from petroleum ether melted, 138.5— 
139.5°; 4.67 atoms per cent excess deuterium or 1.31 D. Oppenauer oxi- 
dation of the dehydroisoandrosterone-d, followed by 6 hours of refluxing in 
base, gave A‘-androstene-3 ,17-dione, m.p. 170—171.5°; 2.98 atoms per cent 
excess deuterium or 0.77 D. 

A‘-Cholesten-3-one-d—10.0 gm. of A‘-cholesten-3-one, 240 ml. of 70 per 
cent of acetic acid-d-deuterium oxide, and 5.00 gm. of Adams’ catalyst pre- 
reduced with deuterium gas were rotated in a sealed evacuated flask at 
150° for 2 days. Cholestenone was not completely soluble in this concen- 
tration of acetic acid. The product was isolated in the usual way and 
9.51 gm. were obtained. Recrystallization from acetone-methanol (a small 
amount of acetone-insoluble material was filtered off) gave 7.91 gm. of 
A‘-cholesten-3-one-d, m.p. 78-80°; 7.21 atoms per cent excess deuterium 
or 3.17 D. An additional 1.35 gm. of cholestenone were obtained from 
the mother liquor by chromatography on alumina. 

A small sample of cholestenone-d was refluxed under nitrogen with 2.5 
per cent methanolic potassium hydroxide for 4 hours. After chromatog- 
raphy on silica gel and sublimation, cholestenone was obtained, m.p. 84.5— 
85.5°; 0.547 atom per cent excess deuterium or 0.51 D. 

Cholesterol-d—From 8.92 gm. of A‘-cholesten-3-one containing 7.21 atoms 
per cent excess deuterium and 15 ml. each of acetyl chloride and acetic 
anhydride, 5.96 gm. of the 3-enol acetate, m.p. 79-81°, were obtained follow- 
ing the procedure of Westphal (18). Reduction of 5.35 gm. of the 3-enol 
acetate with sodium borohydride (11) gave 4.75 gm. of reduction products, 
which after chromatography on silica gel afforded 3.38 gm. of cholesterol-d. 
Recrystallization from acetone gave 2.11 gm. of cholesterol-d, m.p. 148- 
149°. 

Chromic Acid Oxidation of Cholesterol-d—To 1.819 gm. of the above cho- 
lesterol-d were added 6.977 gm. of non-isotopic cholesterol (dilution factor 
4.84). The mixture was acetylated with pyridine and acetic anhydride at 
room temperature. ‘The diluted cholesterol-d acetate was oxidized with 
chromic acid by the procedure described in the preceding paper (12). The 
ketonic fraction, 929 mg., was hydrolyzed in 75 ml. of ethanol with 2 gm. 
of potassium carbonate in 50 ml. of water at room temperature for 1.5 
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hours and the product was isolated in the usual way. 765 mg. of hydroxy 
ketones were chromatographed on silica gel and 55 mg. of dehydroisoan- 
drosterone acetate, m.p. 168-169°, and 319 mg. of dehydroisoandroster. 
one-d, m.p. 146-148°, were obtained. The dehydroisoandrosterone was 
oxidized by refluxing with 0.5 gm. of aluminum fert-butylate, 4 ml. of 
cyclohexanone, and 55 ml. of toluene for 3 hours. The oxidation mixture 
was worked up in the usual way to give 236 mg. of crude A‘-androstene- 
3,17-dione. Purification by chromatography on silica gel gave 195 mg. of 
crystalline A‘-androstene-3 ,17-dione, which was refluxed with base for 5 
hours under nitrogen. The mixture was worked up in the usual way to 
give 177 mg. of product. Purification by chromatography on silica gel, 
sublimation, and recrystallization from acetone-petroleum ether gave A‘- 
androstene-3 ,17-dione, m.p. 170.5-171.5°; no depression of the melting 
point with an authentic sample; 0.020 atom per cent excess deuterium 
corresponding to 0.03 D in the undiluted product. 

From the acidic fraction (5.2 gm.) of the chromic acid oxidation of cho- 
lesterol acetate 305 mg. of methyl 36-acetoxy-A*-cholenate, m.p. 155-157°, 
no depression of the melting point of an authentic sample, were isolated by 
the procedure used in the preceding paper. Saponification, followed by 
remethylation, gave 184 mg. of methyl! 38-hydroxy-A®-cholenate. Oppen- 
auer oxidation with 0.35 gm. of aluminum fert-butylate, 3 ml. of cyclo- 
hexanone, and 27 ml. of toluene gave 165 mg. of methyl 3-keto-A‘-cholenate 
which was refluxed under nitrogen with base for 5 hours. It was then 
remethylated with methanol and concentrated sulfuric acid and was 
chromatographed on silica gel to give 47 mg. of methyl 3-keto-A‘-cholenate, 
m.p. 125-126.5°, no depression of the melting point of an authentic sam- 
ple, 0.036 atom per cent excess deuterium (corresponding to 0.07 D for 
the undiluted compound). | 

A‘t-Androstene-3 , 17-dione-t—1.00 gm. of A‘-androstene-3 ,17-dione in 24 
ml. of 70 per cent of acetic acid and tritium-enriched water was exchanged 
at 150° for 2 days with 500 mg. of Adams’ catalyst prereduced with tritium- 
enriched hydrogen gas. The product was purified by chromatography on 
alumina. Purified A*-androstene-3 , 17-dione-t was then refluxed with aque- 
ous methanolic potassium hydroxide under nitrogen and the radioactivity 
of the steroid measured at intervals. The results are plotted in Fig. 2. 

Estrone-d—1.00 gm. of estrone in 24 ml. of 70 per cent CD;COOD-D,0 
was exchanged in the usual way with 500 mg. of Adams’ catalyst at 130° 
for 3 days. The exchanged product was recrystallized from ethanol and 
digested with acetone yielding 482 mg. of estrone, m.p. 256-256.5°; e2s00 = 
2010 (95 per cent ethanol); 26.05 atoms per cent excess deuterium corres- 
ponding to 5.73 D. From the mother liquors were obtained an additional 
236 mg. of estrone-d, m.p. 235-240°; e209 = 1940 (95 per cent ethanol). 
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400 mg. of estrone-d were refluxed in 40 ml. of 5 per cent methanolic 
potassium hydroxide and 40 ml. of water under nitrogen for 2 hours. Car- 
bon dioxide was bubbled through the cooled mixture and it was then ex- 
tracted with ethyl acetate. The solution was washed with water, dried, 
and the solvent evaporated. Recrystallization of the residue from meth- 
anol gave 304 mg. of estrone, m.p. 256—258°; €319 = 2160 (95 per cent 
ethanol); 19.42 atoms per cent excess deuterium corresponding to 4.28 D. 

The base-equilibrated estrone-d was refluxed in 100 ml. of ethanol and 
100 ml. of 4 N hydrochloric acid for 6 hours. The reaction mixture was 
worked up in the appropriate manner. Recrystallization from methanol 
yielded estrone, m.p. 257-—259°; €210 = 2050 (95 per cent ethanol); 14.52 
atoms per cent excess deuterium corresponding to 3.20 D. Acetylation — 
with pyridine and acetic anhydride at room temperature gave estrone 
acetate, m.p. 126.5-127.5°, €26s0, 2750 = 745 (95 per cent ethanol); [a]? = 
+136.5° (chloroform); 13.55 atoms per cent excess deuterium correspond- 
ing to 3.25 D. 


SUMMARY 


The platinum-catalyzed exchange of hydrogen in steroids has been stud- 
ied in dilute acetic acid containing deuterium or tritium. Various factors 
influencing the incorporation of stably bound isotope have been examined 
and the conclusion has been drawn that the amount and localization of iso- 
tope so bound are intrinsic properties of the specific compounds studied. 
The following steroids were studied: androstan-3-one, A‘-androstene-3, - 
17-dione, dehydroisoandrosterone, pregnane-3 ,20-dione, pregnane-3, 11 ,- 
20-trione, progesterone, 16-dehydroprogesterone, A‘-cholesten-3-one, and 
estrone. 'Testosterone-d was prepared from A‘-androstene-3 , 17-dione deu- 
terated by this exchange reaction. 
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Manson and Lampen (1) reported that resting cells of Escherichia coli 
metabolized HXDR! and TDR at a rapid rate. The total acid-soluble 
desoxypentose disappeared and the base appeared in the medium in less 
than theoretical amounts. Cell-free extracts prepared by grinding the 
organism with alumina contained potent purine and pyrimidine nucleoside 
phosphorylases but did not catalyze the degradation of desoxyribose from 
TDR. The authors concluded that the initial step in the degradation of 
the nucleoside in the intact cells was a phosphorolysis to yield the free 
base and desoxyribose-1-phosphate. The phosphate ester was then further 
metabolized. A preliminary report by Hoffmann and Manson (2) in- 
dicated that approximately 1 mole each of formate, acetate, and ethanol 
was produced per mole of nucleoside fermented. 

We are reporting further studies of the products of the degradation of 
TDR by resting cells of E. coli grown under aerobic and under anaerobic 
conditions. The data indicate a split of the desoxyribose phosphate into 
C; and C; fragments, with the subsequent conversion of the fragments to 
acetate, formate, and ethanol. 

Cell-free extracts of E. coli have now been prepared by sonic disruption 
which catalyze the degradation of the desoxyribose of TDR. The addi- 
tion of moderate concentrations of phosphate or sulfate prevents this 
degradation by inhibiting the conversion of desoxyribose-1-phosphate to 
desoxyribose-5-phosphate by phosphodesoxyribomutase (3). 


EXPERIMENTAL 


Materials—Desoxyribose-1-phosphate was prepared by the phosphoroly- 
sis of TDR with cell-free extracts of EF. coli (1, 2) in the presence of suf- 
ficient phosphate to prevent the degradation of the desoxyribose-1-phos- 
phate (see ““Experiments with cell-free extracts”). Approximately 3 mm 


* This work was supported in part by a grant from the Lederle Laboratories 
Division of the American Cyanamid Company and in part by the Biological Depart- 
ment, Chemical Corps, Camp Detrick, Frederick, Maryland, under contract No. 
DA-18-064-CML-466 with Western Reserve University. 

The following abbreviations will be used: HX DR, hypoxanthine desoxyriboside; 
TDR, thymine desoxyriboside. 
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of TDR were incubated with 20 ml. of an extract of FE. coli B (equivalent 
to 8 gm., wet weight, of cells), 20 mm of potassium phosphate buffer, pH 
7.5, and water to a volume of 200 ml. The solution was incubated for 
2} hours at 37° in an atmosphere of 95 per cent nitrogen and 5 per cent 
carbon dioxide. It was then heated to 100° for 5 minutes and, after 
storage at —20° for 24 hours, filtered to remove precipitated protein. At 
this stage there were approximately 1.2 mm of free thymine, indicating 
that 1.2 mm of desoxyribose-1-phosphate had been formed. Inorganic 
phosphate was precipitated by addition of 5.0 m NH,CI1-0.5 m MgCl, at 
pli 8.9. The desoxyribose-1-phosphate was then precipitated as the bar- 
ium salt from 80 per cent ethanol and converted to the sodium salt by 
ionic exchange on an IR-100 (Nat) column. The final product contained 
no reducing sugar or material absorbing at 260 my and had a molar ratio 
of phosphorus to desoxyribose of 1. The yield was low, about 8 per cent, 
the main loss occurring during the barium-alcohol precipitation. Further 
work on this procedure is in progress. 

Desoxyribose-5-phosphate was prepared by acid hydrolysis of desoxy- 
adenylic acid obtained from thymus desoxynucleic acid (Volkin et al. (4)). 
The desoxyadenylic acid was hydrolyzed at 100° for 15 minutes in 0.2 m 
formic acid and the solution was cooled and neutralized with ammonium 
hydroxide. The desoxyribose-5-phosphate was absorbed from the hydroly- 
sate by means of a Dowex 1 (formate) column and was eluted with a 0.14 
formate buffer of pH 3.3. At this stage the product contained 1.6 moles 
of inorganic phosphate per mole of organic phosphate. Repetition of the 
chromatographic step gave a product essentially free from inorganic phos- 
phate and with a molar ratio of organic phosphate to desoxyribose of 1. 
No material absorbing at a wave-length of 260 my was present. 

Preparation of Cell Suspensions—K. coli (No. 9723 of the American 
Type Culture Collection) was used in this study. Medium 1, for anaerobic 
growth, had the following composition (per 100 ml.): 0.8 gm. of Difeo 
dehydrated nutrient broth, 0.2 gm. of Difco yeast extract, 0.2 gm. of Difco 
peptone, and 0.4 gm. of glucose. The pH after sterilization was 6.8 to 
7.0. Medium 2, for aerobic growth, consisted of Medium 1 plus 0.6 gm. 
of glucose (per 100 ml.) and phosphate buffer of pH 7.0 at a concentration 
of 0.25m. The glucose for Medium 2 was autoclaved separately and added 
aseptically to the medium after sterilization. The inocula were from 
rapidly growing 4 to 6 hour-old stationary cultures (1 ml. per 150 ml. of 
medium). All incubations were at 37°. 

For anaerobic growth, 1.5 liters of Medium 1 in a 2 liter flask were in- 
oculated and incubated for 16 to 20 hours. At the time of harvesting, the 
pH of the medium had dropped to 5. The cells, 1.5 gm. (wet weight) per 
liter, were collected by centrifugation, washed once with 0.05 m NaHC0,, 
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twice with distilled water, and suspended in 0.9 per cent NaCl at a concen- 
tration of 200 mg. (wet weight) per ml. For aerobic growth, the cultures 
were incubated in Medium 2 on a reciprocal shaker for 16 to 20 hours. The 
cells were collected as described for anaerobic cultures. As the pH of the 
highly buffered medium did not change during growth, a third wash with 
water was substituted for that with bicarbonate. The yield under these 
conditions ranged from 10 to 15 gm. (wet weight) of cells per liter. Omis- 
sion of the buffer lowered the yield to 2 to 3 gm. per liter of medium. 

The details of the incubation procedures are given with the individual 
experiments. All experiments with whole cells were carried out in War- 
burg vessels in an atmosphere of nitrogen. 

Preparation of Cell-Free Extracts—Suspensions of washed cells, grown 
anaerobically, were disrupted by oscillation for 10 minutes in a magneto- 
striction sonic oscillator (50 watts, 9 ke.), model R-22-3 of the Raytheon 
Manufacturing Company. ‘The crude extracts were centrifuged at 19,000 
X g for 45 minutes at 0°. To each ml. of supernatant, 0.05 ml. of 1 m 
MnCl. was added and the solution stirred at 0° for 30 minutes. The 
precipitated nucleoproteins were removed by centrifugation at 19,000 x g 
for 15 minutes and the salts removed by dialysis against distilled water 
for 33 hours at 4°. The dialysate was centrifuged at 19,000 < g for 30 
minutes to remove the flocculent precipitate formed during dialysis. The 
supernatant fluid was used in the experiments reported here. 

Analytical Procedures—The fermentations were terminated by the addi- 
tion of H»SO,, which also served to release any bound CO. In some 
experiments, KOH was added to the center well to absorb CO,. The gas 
not absorbed was considered to be hydrogen. After the incubations the 
contents of the center well were transferred to a Warburg vessel, and the 
CO, released by H2SO, was measured manometrically. In the experiments 
in which KOH was omitted, the fermentations were terminated with acid 
as described, KOH was then introduced into the side arms through the 
risers, and the vessels were agitated until gas uptake ceased. The gas 
absorbed was assumed to be COe. Hydrogen formation was calculated by 
subtracting this value from that for total gas. The vessel contents were 
chilled, diluted to a known volume, and the cells removed by centrifuga- 
tion in the cold. The supernatant fluids were neutralized with NaOH 
and stored at —20° until analyzed. All determinations were made on 
these supernatants. 

Desoxyribose was determined by the cysteine-sulfuric acid method (5) 
and reducing sugar by the method of Nelson as adapted to desoxyribose by 
Manson and Lampen (3). Thymine was estimated by its alkaline absorp- 
tion at 300 mu (6). Volatile fatty acids were separated and estimated by 
chromatographing aliquot samples on Celite columns, as described by 
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Bueding and Yale (7). The values given for formate have been corrected 
for the 70 per cent recovery obtained with this procedure. In some in- 
stances, the values obtained with this column were checked by chromatog- 
raphy by a modification? of a Celite column described by Strecker (8), 
Succinate was determined with the latter type of column and its identity 
checked by chromatographing an authentic sample of succinate with the 
unknown samples. Lactate was estimated by its reaction with p-hy- 
droxydiphenyl (9). 

The procedure for the estimation of ethanol was as follows: The ethanol 
in an aliquot was oxidized to acetate by a modification of the usual di- 
chromate-sulfuric acid method (10). The oxidizing reagent consisted of 
67.5 gm. of K2Cr.O07, 338 ml. of 10 N H2SO,, and water to 500 ml. For 
the oxidation, 0.3 ml. of this reagent was added to 1.0 ml. of the test 
sample containing 1 to 10 um of ethanol and the mixture was heated at 
100° for 10 minutes in a tightly stoppered test-tube. It was found that 
higher concentrations of oxidizing reagent often caused difficulty during 
the subsequent chromatography of the sample. The oxidized preparation 
was chromatographed on a Celite column (Yale-Bueding) and the increase 
in acetate was assumed to be equal to the ethanol originally present. 
Control oxidations carried out with desoxyribose and thymidine showed 
that negligible amounts of acetate were formed from these compounds. No 
acetaldehyde, acetylmethylcarbinol, diacetyl, or butanol was present in 
the various fermentations; therefore the method appears to be valid for 
ethanol determination in this system. 

Experiments with Cells Grown Anaerobically—The data of a typical fer- 
mentation of TDR by cells grown anaerobically are given in Table I. 
As indicated in the last column, 16.8 um of He and 16.5 um of CO, were 
formed. Since E£. coli cells grown anaerobically contain formic hydrogenly- 
ase, the hydrogen and CO, were assumed to have originated from formate. 
If this value is added to the formate present, one obtains a total value 
for “formate” of 28.1 um. Similar quantities of acetate and ethanol were 
formed, as well as small amounts of propionate and propanol. No keto 
acids, lactate, or compounds reducing Cu++ were found. Recovery of 
carbon from the desoxyribose was 86 per cent and of thymine 90 per cent. 
A low recovery of thymine in fermentations by whole cells has been ob- 
served previously (1, 2). An oxidation-reduction balance (11) indicated 
that the missing carbon was at an oxidation-reduction level similar to that 
of glucose, and it is assumed that these deficits represent the material in- 
corporated into the cells during the incubation period. 

Studies in which the CO, was not absorbed by KOH gave results es- 
sentially similar to those shown in Table I, with the exception that more 
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formate was present and less gas was produced. Also, the total recovery 
of 1-carbon fragments was low in these experiments. In small scale tests, 
an even greater reduction in gas formation was found when bicarbonate 
buffer was used in place of phosphate buffer. 

Experiments with HXDR showed that the desoxyribose from this com- 
pound was rapidly degraded. The products formed appeared to be iden- 
tical with those produced from the desoxyribose moiety of TDR. 

Experiments with Cells Grown Aerobically—Table II presents the results 
of a fermentation of TDR by cells grown aerobically. With these cells 


TaBLe I 
Products of Desoryribose Degradation by Cells of E. Coli Grown Anaerobically 
250 mg. (wet weight) of cells were incubated for 2}? hours with 50 um of TDR and 
200 um of potassium phosphate buffer of pH 7.5 in a total volume of 2.0 ml. The 
center well contained 0.2 ml. of 2.5 m KOH. A control incubation without sub- 
strate was run at the same time. 39 um of desoxyribose were degraded. 


Product determined With TDR Withee TDR | convectod 
uM uM uit 
39 .8* 23 .3* 16.5 
Formate equivalent............... 16.8 
14.0 | 2.7 11.3 


* Includes the CO, originally present in the KOH and that absorbed during 
manipulation. 
t Recovery, carbon 86 per cent, thymine 90 per cent. 


there was a high endogenous metabolism, owing probably to fermentation 
of reserve material stored during aerobic growth. Since any substance 
which forms acetate on oxidation will be measured as ethanol by the method 
employed, it is likely that the high endogenous values obtained for ethanol 
in this experiment represent stored substances released during incubation 
as well as ethanol itself. The aerobic cells produced succinate and lactate 
in addition to the products found in fermentations with cells grown anaero- 
bically. In this experiment the amount of lactate was small; however, in 
other tests in which the quantity of buffer was too small to maintain the 
pH near neutrality, larger amounts of lactate accumulated. As many 
as 4 um of lactate were formed from 33 um of desoxyribose in such experi- 
ments. The yields of ethanol and acetate were not appreciably affected 
by pH. Gas formation was lower with aerobically grown cells, owing 
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TaBLeE II 

Products of Desoxyribose Degradation by Cells of E. coli Grown Aerobically 
Flasks containing 100 mg. (wet weight) of cells, 20 um of TDR, and 200 um of 
potassium phosphate buffer of pH 7.5 in 2.0 ml. were prepared in duplicate and in. 
cubated at 37° for 24 hours. No alkali was added to the center well. Control ves. 
sels without substrate were also run in duplicate. At the end of the test the dupli- 
cate flasks were combined for analysis. 40 um of desoxyribose were degraded. 


Product determined | With TDR Without TDR 
| uM uM uM 
| 0.6 0.3 0.3 
| 12.5 4.5 8.0 
203t 


* Determined by means of the Bueding-Yale column (7). 
t+ Determined by means of the modified Strecker column (8). 
t Recovery, carbon 101 per cent, thymine 90 per cent. 


III 
Degradation of Desoxyribose Derivatives by Extract of E. coli 
Each tube contained 0.25 ml. of 0.1 m NaHCOs;, 0.25 ml. of cell-free extract (= 
50 mg., wet weight, of cells), and other additions as noted below in a total volume 
of 2.5 ml. Gas phase, 95 per cent N2 and 5 per cent CO:. Incubated 1 hour at 37°. 


Substrate | | Free thymine 

uM uM uM pM | per cent | uM | per cent 

Thymidine 4.5 0 0 | 0.45 1 , 0.75 15 

4.5 7.5 0 3.0 68 3.62 | 72 

4.5 125.07 0 0 | 0 3.50 70 

| 4.5 7.5 125f 0 | 0 1.50 33 

Desoxyribose-l-phos- 4 0 0 @ 

phate | 4 7.5 0 2.72 68 
Be. 125.0 0 0 0 
Desoxyribose-5-phos- | 3.5 | Oo =. 3.5 100 
phate 3.5 7.5 0 3.5 100 
125.0 0 3.5 100 
| 3.5 7.5 125 3.5 100 


* As potassium phosphate buffer, pH 7.42. 
t 0.05 m final concentration, 


| 
| 

+ 

+ 
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presumably to the relative lack of formic hydrogenlyase in these cells. 
Recovery of carbon from desoxyribose was 101 per cent and of thymine 90 
per cent. An oxidation-reduction balance on the fermentation products 
gave a value of 1.05. 

Experiments with Cell-Free Extracts—When extracts prepared by sonic 
disruption were incubated with TDR and inorganic phosphate, there was 
arapid disappearance of acid-soluble desoxypentose. Inorganic phosphate 
was required for this degradation, but at high phosphate concentrations 
(0.05 M) the degradation of desoxyribose was completely inhibited. Typi- 
cal results were given in Table III. Other experiments showed a 15 to 20 
per cent inhibition of desoxyribose degradation at a phosphate concentra- 
tion of 0.012 m. This inhibition is not specific for phosphate, as addition 
of sodium sulfate (0.05 m) also prevented desoxyribose degradation. 

The formation of free thymine was not prevented by high concentrations 
of phosphate; thus it appears that the initial phosphorolysis of thymidine 
still occurred, but that the subsequent degradation of the phosphate ester 
was blocked. In order to determine the specific reaction being inhibited, 
experiments with desoxyribose-1-phosphate and desoxyribose-5-phosphate 
were carried out. From Table III it can be seen that inorganic phosphate 
was required for the degradation of desoxyribose from TDR, but was not 
required for the degradation of either desoxyribose-1-phosphate or des- 
oxyribose-5-phosphate. At a high concentration of phosphate (0.05 mM), 
the degradation of desoxyribose from TDR and desoxyribose-1-phosphate 
was, within experimental error, completely blocked, but no effect was noted 
on the degradation of desoxyribose-5-phosphate. NasSO, gave a similar 
result, but in addition also caused some’ suppression of the nucleosidase 
system, since formation of free thymine was reduced from 72 to 33 per 
cent of the theoretical value. It is apparent that for degradation of 
desoxyribose-1-phosphate to occur, the phosphate must first be transferred 
to the 5 position, a step catalyzed by phosphodesoxyribomutase (3). The 
data presented indicate that this transfer is inhibited by high levels of 
phosphate or sulfate. 


DISCUSSION 


The experiments described here, in conjunction with results previously 
reported, indicate that the degradation of desoxyribose nucleosides by 
whole cells of £. coli occurs by the sequence of events shown in the accom- 
panying scheme. 

The presence of purine and pyrimidine nucleoside phosphorylases in 
E. coli has been demonstrated by Manson and Lampen (1) and by Paege 
and Schlenk (12). Manson and Lampen suggested that the phosphate 
ester formed by the splitting of the desoxyribose nucleoside was the 1- 
phosphate. The experiments reported in Table III, showing inhibition 
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of desoxyribose degradation by high levels of phosphate with both TDR 
and desoxyribose-l-phosphate but not with desoxyribose-5-phosphate, lend 
additional support to this conclusion. These results indicate that des- 
oxyribose-l-phosphate (I) is initially formed and is converted to desoxy- 
ribose-5-phosphate (II) by phosphodesoxyribomutase. This conversion is 
blocked by moderate levels of phosphate or sulfate. Racker (13) has 
shown that extracts of E. coli catalyze the condensation of glyceraldehyde 
phosphate and acetaldehyde to yield desoxyribose-5-phosphate. A split 
of desoxyribose-5-phosphate in our experiments into C, and C; fragments 
(III) is indicated by the products formed. Acetaldehyde would be re- 
duced to ethanol (IV), while the triose phosphate is oxidized to pyruvate 


Desoxyribose nucleoside 


(I) | + PO, 
Desoxyribose-l1-PO, + Base 
+PQ, or SO, 
(11) inhibitory 


Desoxyribose-5-PO, 


(111) 
aeeetinn Triose PO, + Acetaldehyde 
(VIII) — | - 2H (IV) | + 2H 
(Ix) Pyruvate Ethanol 
Succinate (v1) 
Acetate + Formate 


(V) through the usual glycolytic reactions. Anaerobically, the pyruvate 
would be broken down to acetate and formate (VI). The accumulation 
of succinate and lactate during this fermentation by cells grown aerobically 
indicates alterations in the metabolism at the stage of pyruvate (VIII 
and IX). Cells of E. colt grown anaerobically contain hydrogenlyase, 
which converts formate to hydrogen and carbon dioxide (VII). This 
reaction is reversible and the equilibrium point depends on the concen- 
tration of carbon dioxide and bicarbonate, as shown by Woods (14). Re- 
moval of COs, one of the products, during the fermentation leads to an 
increased hydrogen production. Bicarbonate buffer, on the other hand, 
would tend to reverse the equilibrium and, as observed here, decrease gas 
production in this buffer as compared to that in phosphate buffer. £. colt 
cells grown aerobically do not contain significant amounts of hydrogenlyase 
and therefore formate accumulates as such. 


, H, + CO, 
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The authors wish to acknowledge the help and cooperation of Dr. L. A. 


Manson in the initial experiments carried out on this problem. 


SUMMARY 


Resting cells of Escherichia coli, grown anaerobically, ferment thymidine 


to thymine and 1 mole each of formate (or He and COs), acetate, and 
ethanol. In addition to these products, succinate and lactate accumulate 
during fermentation of thymidine by cells grown aerobically. 


. Manson, L. A., and Lampen, J. O., J. Biol. Chem., 193, 539 (1951). 

. Hoffmann, C. E., and Manson, L. A., Federation Proc., 10, 198 (1951). 

. Manson, L. A., and Lampen, J. O., J. Biol. Chem., 191, 95 (1951). 

. Volkin, E., Khym, J. X., and Cohn, W. E., J. Am. Chem. Soc., 73, 1533 (1951). 


Extracts of the cells grown anaerobically degrade the desoxyribose moi- 
ety from thymidine, desoxyribose-1-phosphate, and desoxyribose-5-phos- 
phate. Degradation of the desoxyribose moiety of thymidine and des- 
oxyribose-l-phosphate is inhibited by high concentrations of phosphate 
or sulfate, but the degradation of desoxyribose-5-phosphate is not affected 
by these. It is concluded that phosphate and sulfate inhibit the conversion 
of desoxyribose-1-phosphate to desoxyribose-5-phosphate by phosphodes- 
oxyribomutase. 

A probable pathway for the degradation of desoxyribose nucleosides by 
intact cells of FE. coli is presented. 
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CHOLESTEROL SYNTHESIS FROM ACETATE IN THE 
DIABETIC LIVER* 


By HOTTA anv I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 24, 1952) 


Brady and Gurin (1) recently compared the ability of liver slices pre- 
pared from both normal and diabetic rats to incorporate added acetate 
into cholesterol. They drew the conclusion that the conversion of acetate 
to cholesterol in the diabetic liver is ‘‘apparently unimpaired, although 
this process may be inhibited when diabetes is sufficiently prolonged and 
severe.” 

In view of our interest in the relation of cholesterol synthesis to arterio- 
sclerosis, the development of which is generally regarded as being accel- 
erated in diabetes (2), we have reinvestigated cholesterol synthesis from 
acetate in diabetes. A definite increase in cholesterol formation in the 
diabetic liver is demonstrated here. It is further shown that, as a result 
of insulin injections in a diabetic rat, slices subsequently prepared from 
its liver have a reduced capacity to synthesize cholesterol. 


EXPERIMENTAL 


Treatment of Animals—Normal and diabetic rats of the Long-Evans 
strain were used. Diabetes was induced by the injection of alloxan mono- 
hydrate. Food and water consumption, weight changes, and urine ex- 
cretion by the diabetic rats were measured daily for at least a month after 
the injection. The daily excretion of glucose in the urine was also meas- 
ured periodically during this period. All diabetic rats manifested a high 
fasting blood sugar level within 6 days before they were sacrificed. The 
histories of the diabetic rats are shown in Table I. 

The rats were maintained on an adequate stock diet up to 4 to 6 days 
before they were sacrificed. During these last 4 to 6 days, the normal, 
diabetic, and insulin-treated diabetic rats were fed a low fat-high carbo- 
hydrate diet consisting of 60 per cent glucose, 22 per cent casein, 6 per 
cent salt mixture (3), 12 per cent Cellu flour, and a water-soluble vitamin 
mixture (4). 1 drop of sardaline and 2 mg. of a-tocopherol acetate dis- 
solved in corn oil were administered orally to each rat every other day. 


* Aided by grants from the United States Public Health Service and the Life 
Insurance Medical Research Fund. 
t Fellow of the Atomic Energy Commission. 
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Five of the diabetic rats received insulin. Two animals were injected 
subcutaneously, 24 hours before they were sacrificed, with 50 units of 
protamine zinc insulin (Lilly) per kilo of body weight. The other three 
rats were given the same dose of the hormone at 48 hours and again at 
24 hours before they were sacrificed. In addition, all rats received, sub- 
cutaneously, 50 units of unmodified insulin (Lilly) per kilo of body weight 
exactly 2 hours before their sacrifice. 

Substrate—The acetate-1-C™ and acetate-2-C'™ were kindly supplied by 


TABLE I 
History of Diabetic Rats Used in This Study 


| | Degree of diabetes 
— | — diabetes | Average daily Maximal urine Maximal urine Fasting blood 
food intaket flow in 24 hrs. een in 24 hrs. sugar} 
| gm. days gm. | ml. | gm. mg. per cent 
D-1 35 35 280 
D2 | 220 35 28 80 7.6 252 
D3 | 186 eae. 90 8.6 204 
D4 .| 70 6.0 420 
D5 | 6 33 260 
D-6 | 212 33 27 | 110 9.0 336 
D-7 | 24s | 110 28 140 7.9 304 
D-8 128 | 40 20 100 11.2 366 
90 9.0 350 
D-10 | 278 40 20 120 9.4 195 
_ 130 8.2 318 
D-12 | 218 | 33 | 33 180 8.1] 254 
D-13 200 | 33 38 180 9.0 248 


* The normal rats weighed from 180 to 260 gm. Their average daily food intake 
varied from 14 to 21 gm. 

t Low fat-high carbohydrate diet described in the text. 

t Determined after a 24 hour fast on whole blood 6 days before sacrifice. 


Dr. B. M. Tolbert. They were added to the medium as the sodium salt. 
The C' content of the substrates was determined by plating the sodium 
salt directly on an aluminum disk, as described elsewhere (4), and counting 
with a thin end-window Geiger-Miiller tube. 

Incubation Procedure—The rats were sacrificed by cervical fracture. 
Their livers were quickly excised and transferred to a Petri dish containing 
cold Krebs-Henseleit bicarbonate buffer (5). Liver slices of approximately 
0.5 mm. thickness were prepared free-hand with a thin razor blade and 
placed in a fresh portion of the buffer kept on ice. Approximately 500 
mg. of slices were gently blotted on coarse filter paper, weighed on a Roller- 
Smith torsion balance, and placed in the incubation flask. The liver 
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slices were placed in the main compartment, containing 5.0 ml. of the 
Krebs-Henseleit bicarbonate buffer and either 2 to 3 or 50 um of acetate. 
The details of the incubation procedure and the collection of C“O, have 
been described elsewhere (6). 

Cholesterol Determination—The contents of the main compartment were 
saponified with alcoholic KOH on a steam bath overnight. The mixture 
was acidified with concentrated HCI] to the brom cresol green end-point. 
The cholesterol and lipides were extracted by shaking the contents of the 
flask vigorously, by hand, with about 30 ml. of petroleum ether, and de- 
canting the ether layer. The extraction was repeated until no radioac- 
tivity was detected in the petroleum ether layer. The combined extracts 
were concentrated and transferred to a 15 ml. centrifuge tube, where 
the petroleum ether was evaporated to dryness in an atmosphere of CO». 
The cholesterol was then precipitated as the digitonide and washed as 
described by Sperry and Webb (7). The washing was repeated with ethyl 
ether until no radioactivity was detected in the ether wash. 

The cholesterol digitonide was then dissolved in warm methyl alcohol 
and transferred to a 10 ml. volumetric flask. The C™ content was deter- 
mined by plating an aliquot of essentially zero mass on an aluminum plate 
and counting with the thin end-window Geiger-Miiller tube. 

A separate aliquot of the methanol solution was used in the determina- 
tion of the total amount of cholesterol present by the modified Sperry- 
Schoenheimer cholesterol method (7). 


Results 


Separate portions of slices from each liver were incubated with 2 to 3 
um and 50 um of acetate-1-C™ and acetate-2-C™. The results of the ex- 
periment are shown in Table II. The cholesterol recoveries are expressed 
as specific activities. The CO, values are expressed as a percentage of 
the total C4 added to the medium. 

Acetate-1-C'*—In the experiments with normal rat livers, the specific 
activities of the isolated cholesterol were 18 to 84 when the amount of 
acetate in the medium was 2 to 3 um and 9 to 25 when incubated with 50 
uM of acetate. The corresponding values observed in the experiments 
with diabetic livers were 200 to 370 at the 2 to 3 uM level and 45 to 91 at 
the 50 un level. 

Acetate-2-C'\—The cholesterol values obtained with normal livers ranged 
from 26 to 140 in the presence of 2 to 3 um of acetate and 12 to 39 when 50 
“uM were used. ‘The values for the diabetic livers were 220 to 440 at the 
2 to 3 uM level and 80 to 120 at the 50 um level. 

Insulin administration in the diabetic rat decreased the recoveries of 
C-cholesterol per unit weight of liver slices at both substrate concen- 
trations. 
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The average ratio of the incorporation into cholesterol of methy! to 
carboxyl carbons of acetates was 1.36 with 2 to 3 uo of acetate and 1.43 
with 50 um of acetate for the normal. These values are in agreement | 
e with those reported by Little and Bloch (8). The corresponding values 
TaBLeE II 
Incorporation of Acetate Carbons into Cholesterol by Normal and Diabetic Liver 
The amounts of labeled acetate recorded. below were incubated with 500 mg. of 
liver slices in 5 ml. of Krebs-bicarbonate buffer at 37.5° for 3 hours. Each value js 
the average of two separate determinations. 
Protamine | 
zinc insulin Liver Acetate per bath. 2-3 um Acetate per bath, 50 um 
injected ( 
( 
Acetate-1-C™ | Acetate-2-C™ Acetate-1-C™ | Acetate-2-C™ 
con- | Per Per (A) | Per Per (A) 
ba — rhe tent, icent of cent of cent of cent of 
y bod mg. (S.a.of| C™ |S.a. of C4 S.a.of| C™ (S.a. of t 
ight | Per | recov- choles-| recov- choles- recov- choles-; recov- choles- 
y betes gm. | ered | terol | ered | terol ered | terol | ered | terol é 
tissue as as as as 
CHO» CHO. CHO. t 
(A) (B) (A) (B) I 
N-l 0 4.1 | 1.94) 42.0 18 18.7) 26 11.44 
N-2 0 5.3 | 2.16; 22.9, 59 | 10.4) 73 (1.24 
N-3 | 0 4.4 | 1.96 23.3, 60 | 12.8) 83 |1.38 | e 
N-4 0 5.8 | 2.00) 23.5) 84) 8.8 140 |1.67| 20.3) 17 | 6.6) 25 |1.47 d 
N-5 0 4.3 | 1.96 58.3) 74 | 17.8 96 (1.30) 31.0) 15 9.3) 19 {1.27 
N-6 0 4.1 | 2.20) 27.4, 35 | 15.5) 51 (1.46) 19.4) 9 5.4) 12 |1.33 
N-7 0 4.9 | 2.10 23.0) 79 | 14.5) 81 {1.03} 14.8) 25 4.1| 39 |1.56 
N-8 0 3.9 | 1.80; 19.2) 52 | 14.4; 70 |1.35 12.6 17 4.0) 26 {1.53 
D-1 | 0 4.2 | 2.22) 43.9) 200 | 18.2) 290 |1.45 sI 
D-3 0 5.1 | 1.94) 27.8) 220 | 11.5) 220 |1.00 
D-4 0 4.0 | 2.12) 39.3) 370 | 14.9) 400. |1.08 33.5) 60 7.0) 100 |1.67 ir 
D-7 0 3.6 | 2.04) 39.9, 220 | 17.7) 330 (1.50 
D-8 0 3.6 | 1.90; 58.8) 290 | 35.5) 400 (1.38) 42.3; 83 | 21.0) 120 (1.44 
D-9 0 4.5 | 1.98 57.0) 310 | 25.3) 440 {1.42 53.2) 91 | 20.6, 120 /1.32 
D-12 3.7 | 2.20 30.2 230 16.5 350 1.52, 28.1; 71 | 15.2) 110 /1.55 
D-13 | O 4.7 | 1.96 31.8 210 | 21.5) 270 |1.29 25.0) 45 | 12.4) 80 /1.78 1 
2. 
D-2 | 50* | 2 | 7.8 2.06 5.0) 90) 1.7) 140 |1.56 3 
D-5 | 50* 1 | 8.9 | 2.00 9.7) 150 | 3.5) 170 12.8 86 60 (0.70 
D-6 | 50* | 1 | 8.4! 1.98 12.6, 140 | 3.9) 160 {1.14 10.9) 45 | 11.7) 60 {1.33 4 
D-10 | 50* | 2 | 6.2! 1.88 26.9) 130 | 11.0) 180 |1.38) 20.9) 46 6.6) 66 (1.43 5 
D-11 | 50* | 2 | 7.2) 2.04 26.6 110 8.4 150 11.36 17.3) 42 4.8) 58 /1.38 6 
S.a. refers to counts per minute per mg. of cholesterol isolated, corrected for 4 7. 
total acetate activity of 10‘ counts. 8. 
* In addition to the amounts recorded, each rat received 50 units of unmodified 
insulin per kilo of body weight exactly 2 hours before sacrifice. 
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of 1.33 and 1.55 for the diabetic livers indicate that the 2 carbons of acetate 
are utilized similarly by the diabetic and normal rat livers for cholesterol 
synthesis. 

The diabetic liver appears to oxidize acetate to a slightly greater degree 
than does the normal liver. This oxidation is reduced in the insulin- 
treated diabetic, an observation in agreement with that reported earlier 
from this laboratory (4). 


Comment 


The results of the present investigation show unequivocally that the 
conversion of added acetate to cholesterol is elevated in the liver of the 
diabetic rat. An increased incorporation of acetate carbon into cholesterol 
by liver slices of alloxan-diabetic rats was observed when the amount of 
acetate in the medium was 2 to 3 uM as well as when it was 50 um. AIl- 
though, in most rats studied, diabetes had been present for about 1 month 
at the time when their livers were excised, an increase in cholesterol syn- 
thesis was also observed in the liver of Rat D-7, in which diabetes had been 
present for more than 100 days. 

Recently we raised the question of the relation of endogenously syn- 
thesized cholesterol to arterial degeneration. It would appear that, in 
evaluating the factors responsible for the early development of vascular 
degeneration in the diabetic, consideration should be given to the pos- 
sibility of an increased rate of cholesterol synthesis by the liver. 


SUMMARY 


1. An increased incorporation of acetate carbon into cholesterol by liver 
slices from alloxan-diabetic rats is demonstrated. 

2. The ratio of incorporation of methyl to carboxyl carbons of acetate 
into cholesterol by the diabetic liver was the same as that observed with 
normal livers. 
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THE ENZYMATIC CONDENSATION OF PYRUVATE AND 
FORMALDEHYDE* 


By HELEN HIFTf ano H. R. MAHLER 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, April 4, 1952) 


An enzyme has been obtained from beef liver which condenses formalde- 
hyde and pyruvate in equimolar amounts to yield a-keto-y-hydroxybutyric 
acid; the enzyme appears to be highly specific for both substrates. 


Preparation and Characterization of Enzyme 


The presence of the enzyme could be demonstrated in whole tissue ho- 
mogenates of rat kidney and liver but not in heart, diaphragm, spleen, or 
brain. It was concentrated in the mitochondrial fraction of rat, rabbit, 
hog, and beef liver; the sedimentable débris and nuclear fraction showed 
only slight activity and the microsomal and soluble fractions were inactive. 

The enzyme was prepared in large amounts from beef liver. The par- 
ticulate preparation was made according to the procedure of Sarkar e¢ al. 
(1): the tissue was homogenized in 8.5 per cent sucrose and the mitochon- 
drial fraction obtained by differential centrifugation and precipitation in 
isotonic KCl. After repeated freezing and thawing, the enzyme was ob- 
tained in soluble form (not sedimentable at 30,000 X< g in 30 minutes) 
(Fraction A). It was precipitated between 25 and 40 per cent saturated 
ammonium sulfate (between 17.5 and 28 gm. of ammonium sulfate per 100 
ml.). The buff-colored residue (Fraction B) dissolved readily in 0.025 m 
phosphate buffer at neutral pH (15 to 20 mg. of protein per ml.), and was 
dialyzed against the same buffer in the cold room overnight. At this point 
the enzyme could be stored frozen for several months without loss in ac- 
tivity. Treatment with an equal volume of tricalcium phosphate gel (ap- 
proximately 1 mg. of gel solids per 2 mg. of protein in contact for 1 minute) 
yielded the enzyme in the supernatant (Fraction C). At this point the 
preparation contained about 3 to 4 mg. of protein per ml., but lost activity 
rapidly, and was, therefore, prepared fresh daily. Lyophilization stabilized 
the enzyme so that it retained activity for several days and could be sub- 
jected to the gel treatment for a second time, followed again by lyophiliza- 


* A preliminary report of this work was presented at the meeting of the American 
Society of Biological Chemists, New York, 1952 (Hift, H., Federation Proc., 11, 230 
(1952)). 

t Postdoctorate trainee of the National Heart Institute, National Institutes 
of Health. 


901 


902 ENZYMATIC CONDENSATION 


tion. This final preparation (Fraction D), showed a specific activity 60 
times that of the original soluble preparation (Fraction A). When ex. 
amined in the analytical ultracentrifuge (at 160,000 * g), Fraction D was 
found to sediment slowly, but essentially as one peak. Pertinent data for 
the purification are given in Table I. 

The usual two-step ptrification procedure yielding Fraction C accom- 
plished the removal of lactic dehydrogenase and of Racker’s aldehyde de- 
hydrogenase (2), both of which are enzymes requiring diphosphopyridine 
nucleotide (DPN) and attack pyruvate and formaldehyde respectively, 
Gel treatment, furthermore, removed an inhibitor which could be eluted 
with phosphate buffer and which decreased the activity of the purified 


TABLE I 
Purification of Enzyme 


Starting material, 2300 gm. of fresh beef liver. 1 unit = the micromoles of py- 
ruvate disappearing in 35 minutes at 37°. Protein determined by the biuret method 
of Weichselbaum (19). 


Fraction Total protein | Protein per ml. oe 
mg. mg. 
A, supernatant of frozen and thawed mito-| 15,096 27 0.14 
chondrial fraction 
B, precipitated between 25 and 40% satu- 3,747 17 0.41 
rated (NH,4)2SO, 
C, supernatant from first gel treatment 2,301 3.8 1.36 
‘* after lyophilization 1,440 18 1.53 
D, supernatant from 2nd:gel treatment 640 4.0 10.9 


preparation when added to it. Most of the studies reported below were 
carried out with Fraction C. 3 

The enzyme shows the usual protein peak at 276 to 280 my and an addi- 
tional peak at 406 to 408 my which, however, is probably due to an accom- 
panying hematin impurity. The absorption spectrum of the enzyme in 
the visual and the ultraviolet regions was not altered in the presence of 
the substrates. Microbiological assays did not reveal unusual amounts of 
either folic acid or vitamin Bye. 

The enzyme was found to withstand formaldehyde concentrations up to 
0.2 gm. per cent (0.073 mM) without loss in activity; it did not, however, 
survive treatment with 4 per cent- formaldehyde. 

The enzyme was not active in the presence of tris(hydroxymethy])amino- 
methane or histidine buffer, was only partially active in citrate, but 
seemed to be essentially unaffected by glycylglycine, pyrophosphate, and 
versenate. It was concluded, therefore, that a metal activator was prob- 
ably not involved in the reaction. 
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Assay and Analytical Methods 


The enzyme did not require adenosinetriphosphate or any other external 
“activating” mechanism. ‘The assay mixture consisted of 30 um each of 
formaldehyde (prepared according to Boyd and Logan (3), from paraform- 
aldehyde which was redistilled and standardized by titration) and lithium 
pyruvate (recrystallized), 40 um of sodium bicarbonate, a suitable amount 
of enzyme, and water to a final volume of 3.2 ml. For convenience, the 
reaction was set up in Warburg vessels; the mixture was gassed with 5 per 
cent COs in nitrogen and incubated at 37°. 

There was no release or uptake of CO, at any time during the incubation, 
which was sometimes allowed to proceed for as long as 3 hours. Additions 
of DPN were without effect. The reaction with the purified enzyme, when 
buffered with phosphate, proceeded as well in air as in Ne-CO,. These 
observations led to the conclusion that we were dealing with a condensation 
reaction rather than with an oxidation-reduction or a DPN-linked dis- 
mutation. 

The final pH of the incubation mixture was about 7.5. The reaction 
was stopped by the addition of 0.4 ml. of 2 m metaphosphoric acid. The 
deproteinized supernatants were analyzed for formaldehyde by the chro- 
motropic acid procedure of Boyd and Logan (3), with slight modifications, 
and for pyruvate and total a-keto acids by the method of Friedemann and 
Haugen (4). Under our experimental conditions, the methods proved to 
be accurate within +3 per cent. The reaction could be followed by ascer- 
taining the difference in the initial and residual amounts of either formalde- 
hyde or pyruvate. The product of the reaction behaved as an a-keto acid, 
and after incubation, the total a-keto acid recoverable was considerably in 
excess over the residual pyruvate: the difference (total a-keto acid minus 
pyruvate) was a measure of the product formed. 

A unit of enzyme activity was defined as the number of micromoles of 
pyruvate disappearing in the standard test system during 35 minutes in- 
cubation at 37°. The specific activity equals the number of units per 
mg. of protein. 


Kinetics and Specificity 


The dependence of the reaction rate on enzyme concentration is shown 
in Fig. 1. Prolonged incubation of equimolar amounts of pyruvate and 
formaldehyde results in the disappearance of nearly equimolar amounts 
of the two substrates; a plateau is reached when one-half to two-thirds 
(about 15 to 20 um) of the initial amounts have reacted (Fig. 2, A). The 
recoveries in total a-keto acids vary between 70 and 100 per cent after 
incubation, since the reaction product reacts as an a-keto acid. The results 
are essentially the same when pyruvate is present in excess (Fig. 2, A). If, 
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however, an excess of formaldehyde is added (Fig. 2, B), the reaction rate 
is significantly increased; an excess of formaldehyde disappears and the 
total a-keto acid recovery tends to be lower. It would seem, therefore, 
that the formaldehyde concentration is rate-determining and that excess 
formaldehyde is capable of initiating side reactions, possibly with the reac- 
tion product itself. 7 

Neither formaldehyde nor pyruvate disappears when incubated singly 


T 


FORMALDEHYDE 


PYRUVATE 


re) 
T 


TOTAL 
&-KETO ACID 


SUBSTRATE DISAPPEARED pMOLES 


0510 2.0 3.0 5.0 
mg PROTEIN 


Fia. 1. Dependence of reaction on enzyme concentration. Incubation mixture, 
30 um of formaldehyde, 30 um of pyruvate, 40 um of sodium bicarbonate, enzyme at 
the protein levels indicated, and water to final volum¢ of 3.2 ml. Incubation at 37° 
for 90 minutes. Gas phase, 5 per cent CO: in Nz. Final pH 7.5. 


with the enzyme. Both can be recovered fully when they are incubated 
together in equivalent amounts in the absence of the enzyme, or with de- 
natured enzyme, or with beef albumin, or with active enzyme in the pres- 
ence of one of the inhibiting buffers, such as tris(hydroxymethy])amino- 
methane. Prolonged incubation of excessive amounts of pyruvate with 
formaldehyde (ratio 4:1), in the absence of enzyme, may result in some 
disappearance of pyruvate which, in magnitude, however, never approaches 
the enzymatic values and for which a correction factor can be applied. 
Excess of formaldehyde does not seem to lead to any such non-enzymatic 
reactions. 

Formaldehyde did not react enzymatically with acetaldehyde, benzalde- 
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hyde, crotonaldehyde, acetone, or folic acid, nor with acetoacetic, malonic, 
mesoxalic, a-ketoisocaproic, or 6-ketoisocaproic acid. a-Ketoglutaric acid 
was also essentially inactive. Oxalacetic acid brought about a non-enzym- 
atic reaction which was not significantly increased by the presence of the 
enzyme. Of all the substances tested, only phenylpyruvic acid was capable 
of reacting with formaldehyde enzymatically, although it was only about 


B 
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FORMALDEHYDE 


T 
N 
T 


TOTAL 
&-KETO ACID 


SUBSTRATE DISAPPEARED MOLES 


10-20:30-40-50-60-70-80-90 10-20-30-40-50-60-70-80-90 

MINUTES INCUBATION MINUTES INCUBATION 

Fic. 2. Dependence of reaction on substrate concentration. X = pyruvate; 

O = formaldehyde; A = total a-keto acid. A, solid lines, incubation mixture con- 

taining 30 wm of pyruvate and 30 um of formaldehyde. Broken lines, incubation 

mixture containing 120 um of pyruvate and 30 um of formaldehyde. B, incubation 

mixture containing 30 um of pyruvate and 120 um of formaldehyde. Other conditions 

as indicated in Fig. 1. Enzyme concentration, 3.4 mg. of protein, specific activ- 
ity 3.6. 


30 to 50 per cent as effective as pyruvate. Similarly, pyruvate would not 
react with either acetaldehyde, benzaldehyde, crotonaldehyde, or acetone. 
The enzyme, thus, appears to be quite specific for both formaldehyde and 
pyruvate. 

Approximate K, (Michaelis-Menten constant) values were determined 
in both short term (35 minutes) and long term (90 minutes) incubations, 
and found to be of the order of 5 to 6 X 107° m for pyruvate and about 
9 X 10-5 m for formaldehyde. 

A sample of crystalline aldolase was found to be inactive under our ex- 
perimental conditions. 
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Properties and Structure of Product 


Preparation—It was discovered quite early in the investigation that, 
while pyruvate disappeared during the incubation, the recovery of total 
a-keto acid remained approximately 100 per cent, even after the formalde- 
hyde had been removed by steam distillation; the reaction product, thus, 
appeared to be a non-volatile a-keto acid. 

Large scale experiments were, therefore, set up under experimental con- 
ditions which had been found to be optimal in the experiments described 
above. About 8 mm of pyruvate and 20.5 mm of formaldehyde were in- 
cubated for 2 hours in the presence of 90 ml. of enzyme (= about 300 mg. 
of protein; specific activity about 4) in bicarbonate buffer (pH about 7.5), 
The incubation mixture was deproteinized with 2 M metaphosphoric acid 
(final pH 2.5 to 3), the protein removed by filtration through fluted paper, 
and the clear, almost colorless solution lyophilized to dryness. In this 
manner, most of the formaldehyde was removed either by polymerization 
or by evaporation. Simultaneously, a portion of the pyruvate was dis- 
tilled into the trap. The dry powder was dissolved in a minimum of water 
(about 20 ml.) and subjected to continuous ether extraction (with about 
200 to 250 ml. of ether) for 24 to 36 hours. The extraction was essentially 
complete. The ether fraction was dried with solid sodium sulfate, filtered, 
and subjected to a careful vacuum distillation, with the distilling flask sub- 
merged in a water bath, at about 35°. When the volume had been re- 
duced to a few ml., the solution was transferred to a micro still, and the 
distillation was continued under the same controlled conditions until the 
residue consisted of a yellow, rather viscous material, a mixture of pyruvic 
acid and the product. At this poimt, white crystals began to Separate. 
Crystallization was allowed to continue in the ice box for a number of days. 
The crystals were washed carefully by decantation with ice-cold ether and 
dissolved in ether at room temperature; the solution was filtered through 
sintered glass, a little petroleum ether (b.p. 48-58°) was added, and the 
mixture concentrated until the crystals formed again. If the distillation 
was conducted too rapidly, a high melting, insoluble product was obtained, 
presumably a polymer. The recrystallized product was washed with ice- 
cold petroleum ether and dried in the cold room over calcium chloride in 
vacuo, for 3 to 4 days; drying at room temperature or over P2Os yielded a 
yellowish more or less amorphous material, presumably a polymer. 

The final product consisted of very hard, white, needle-shaped crystals, 
which had a tendency to adhere to the walls of the vessel and were slightly 
hygroscopic.. The compound was soluble in water, alcohol, and ether, 
slightly soluble in petroleum ether and heptane, but insoluble in carbon 
disulfide. It dissolved in chloroform, but with deterioration, since only 4 
resinous residue could be recovered upon removal of the solvent. 
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The product was identified as the enol form of the y-lactone of a-keto- 
y-hydroxybutyrie acid; 7.e., the lactone of the aldol condensation product 
of formaldehyde and pyruvate. 


HCHO + CH;—CO—COOH — CH,;--CH,—-CO—COOH 


OH 
(1) 


The compound was found to have the following properties. 


C,H,O;. Calculated. C 48.05, H 4.03 
Found. ‘* 47.80, ‘“ 4.07, m.p. 105° (capillary, corrected) 


No CO, was evolved when the compound was subjected to the aniline 
citrate test for B-keto carboxylic acids (5). The ceric sulfate reaction for 
a-keto carboxylic acids (6) yielded 7.3 um of CO:2 evolved from a sample 
calculated to contain 7.36 um of the lactone. ‘The material gave a positive 
(reddish orange to brown) ferric chloride reaction. Titration with 0.0090 
n NaOH (Fig. 3) yielded a curve characteristic of a very weak acid, with 
a pK of approximately 7.0. This result is consistent with neutralization 
of the weakly acidic enolic hydrogen. The lactone ring was preserved 
under these conditions. 

Spectra—The ultraviolet absorption spectrum is given in Fig. 4. A 
freshly prepared aqueous solution shows the rapid development of a peak 
at 226 my; a stable maximum is reached within 3 minutes. Upon addition 
of alkali, the peak at 226 mu disappears in favor of a peak at 261 my, which 
also reaches a stable maximum within 3 minutes. In acid solution only 
the peak at 226 my can be detected. In saturated heptane solution a 
shoulder is observed at 223 muy, while in dilute heptane solution there is a 
peak at 254 mu. The data indicate that the compound exists in the enol 
form in the solid state. In neutral or acid solution, the keto form pre- 
dominates, while the enolate anion is formed in alkaline solution. In con- 


O Om 
| OH- 
(2) CH.—CH,—C—C=0 —— CH.—CH=C—C=0 + Ht 


centrated hydrocarbon solution the compound exists as the keto form, 
which changes into the enol upon dilution. The observed displacement 
of the peaks is due to solvent effects. These data are in complete agree- 


CH.— CH==C— CoO 
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m2 Na OH 
Fic. 3. Titration curve of the y-lactone of a-keto-y-hydroxybutyric acid. 504 
ul. of 0.0090 N NaOH required for 500 yl. of lactone solution containing 1.1 mg. of 
solid per ml. Neutral equivalent, 122 (calculated 100). 
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Fic. 4. Ultraviolet absorption spectrum of the y-lactone of a-keto-y-hydroxy- 
butyric acid. Curve 1,0.00011 m aqueous solution, pH 2.3; Curve 2, 0.00011 m aqueous 
solution, pH 11.8; Curve 3, dilute solution in heptane. Cell thickness, 1 cm. Molar 
extinction coefficient of keto form, 4000; of enolate, 2600. 
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ment with the observed behavior of other keto-enols which have been de- 
scribed in the literature (7). 

The molar extinction coefficient for the keto form in H2,O at pH 2.3 at 
226 mu is 4000; for the enolate in H,O at pH 11.8 and at 261 mu, 2600. 

The infra-red spectrum is given in Fig. 5, A. 

The 2,4-dinitrophenylhydrazone melts at 218° with decomposition and 
shows the usual peaks at about 260 and 360 mu. 

The compound has not been described in the literature. Plattner has 
synthesized the 6-methyl derivative which was studied by Schwarzenbach 
and Wittwer (8) and was found to exist as the enol in the solid state and 
to have a pK (enol) of 7.77. The data presented above for our unsub- 
stituted lactone are supported by these findings. 


Identification by Synthesis of Phenyl-Substituted Derivative 


The earlier literature (9, 10) cites various attempts at condensing pyruvic 
acid and formaldehyde under laboratory conditions, but the products all 
appeared to be polysubstituted derivatives of the acid. Phenylpyruvic 
acid was condensed with formaldehyde by Hall, Hynes, and Lapworth (11) 
and by Hemmerle (12); the product in each case was identified as the y- 
lactone of a-keto-8-phenyl-y-hydroxybutyric acid. This compound also 
was shown to exist as the enol. 

Since phenylpyruvic acid showed slight activity with the enzyme de- 
scribed above, a large scale experiment was set up in the hope of isolating 
as the reaction product the 6-phenyl] derivative of our lactone. About 1.8 
mM each of formaldehyde and phenyl! pyruvate were incubated in the pres- 
ence of 2.4 mm of NaHCO; and 96 mg. of enzyme (specific activity on 
pyruvate basis, 10.9) for 5 hours. The method of isolation of the product 
was analogous to that described for the pyruvate-formaldehyde reaction 
product except that the water solution after lyophilization was subjected 
to a continuous extraction with ethyl acetate for about 40 hours. Upon 
concentration a white, granular precipitate formed. After storage in the 
ice box overnight, this sediment was repeatedly extracted with hot ether 
until only an insoluble residue remained, which was discarded. The ether 
extract was concentrated in vacuo to a yellow solution, which was stored 
in the ice box. After about a week, white crystals had separated which 
were redissolved in ether; a little petroleum ether was added and the solu- 
tion concentrated in vacuo and again stored in the ice box. The recrystal- 
lization was repeated two more times in order to remove any residual phen- 
ylpyruvie acid. Finally, the yellowish crystals were washed with petro- 
leum ether and dried in a desiccator over calcium chloride. The yield was 
3.5 mg. 

An authentic sample of the phenyl! lactone was synthesized from phenyl- 
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pyruvic acid and formaldehyde according to the directions of Hall, Hynes, 
and Lapworth (11). 

Both the synthetic and the enzymatic product melted at 197-198° (cap- 
illary, corrected), with no depression of a mixed melting point (reported 
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Fic. 5. Infra-red absorption spectra. Micro mulls. Measurements made in a 
Baird Associates, Inc., infra-red spectrophotometer, model B; NaCl prism. Spectra 
partially compensated for absorption of mulling oil. A, y-lactone of a-keto-y-hy- 
droxybutyric acid; B, y-lactone of a-keto-8-phenyl-y-hydroxybutyric acid obtained 
enzymatically; C, the same obtained synthetically; D, y-lactone of a-keto-8-methy]- 
y-hydroxybutyric acid. 


values 197—198° (10), 202° (12)). The compounds showed a greenish color 
with ferric chloride, as described in the literature. 

The infra-red spectra of the two compounds are given in Fig. 5, B and 
C. A-sample of the 6-methyl derivative, kindly furnished by Dr. Plattner, 
was examined at the same time (Fig. 5, D). It will be seen that the trac- 
ings of the two phenyl compounds are identical and bear a close resem- 
blance to the methyl derivative. The picture presented by the unsubsti- 
tuted lactone (Fig. 5, A) does not exhibit the degree of similarity which 
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had been expected. However, it is believed that the differences noted may 
be attributed to the availability of the free 6-hydrogens for strong intra- 
molecular hydrogen bonding. In any case, the spectral analyses furnish 
corroborative evidence identifying the formaldehyde-pyruvate condensa- 
tion product as the y-lactone of a-keto-y-hydroxybutyriec acid. 


Primary Reaction Product 


The condensation product, as it appeared in the incubation mixture, 
reacted as an a-keto acid under the conditions of the Friedemann-Haugen 
test; 2.e., its 2,4-dinitrophenylhydrazone could be extracted into ethyl ace- 
tate and thence into carbonate. Yet, we were unable to obtain this reac- 
tion from the y-lactone which was isolated: its 2 ,4-dinitrophenylhydrazone 
could be extracted into ethyl acetate but not reextracted into carbonate. 
Since phenylpyruvie acid also failed to react under these conditions, it 
would appear that only fairly simple, open chain a-keto acids respond to 
the test. These results suggested that our primary reaction product was 
not the lactone, but the open chain acid (Equation 1). When a complete 
balance sheet was drawn up at each stage of the isolation procedure, it was 
observed that the recovery of total a-keto acid showed a sudden drop after 
lyophilization and ether extraction, suggesting conversion of the free acid 
to the lactone at these stages. 

More direct evidence for the formation of the free acid in the reaction 
mixture was obtained as follows: when the 2 ,4-dinitrophenylhydrazone of 
the isolated lactone was exposed to alkali, a product was obtained which 
reacted in the Friedemann-Haugen test for a-keto acids; 7.e., it was ex- 
tractable into both ethyl acetate and carbonate. These observations can 
be explained by the reaction shown in Equation 3; 7.e., by an alkali-depend- 
ent opening of the y-lactone ring. ‘The compound thus formed is believed 
to be identical with the derivative giving the positive Friedemann-Haugen 
reaction in the original incubation mixture. 


N—R NR O 


CH,—CH,-—C-—-C==0 + OH- 
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In a more direct approach to the problem, the reaction mixtures before 
and after incubation with enzyme were deproteinized, 2 ,4-dinitropheny]- 
hydrazine in HCl was added, and the hydrazones formed were collected. 
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Similarly, the 2,4-dinitrophenylhydrazones of all necessary reference sub- 
stances were prepared. All the compounds were extracted into ethyl ace- 
tate and subjected to paper chromatography in a system consisting of 5 
parts of tertiary amyl alcohol, 4 parts of water, and 1 part of ethy] alcohol 
(13). After about 20 hours, the results given in Table II were obtained. 
No additional spots could be detected. 

On the basis of this evidence, Equation 1 is believed to describe the 
following reaction: formaldehyde and pyruvate condense enzymatically to 


TaBLe II 
Results of Paper Chromatography 


Appearance under 
| Visible Ultraviolet 
Reference | | | 
Formaldehyde Yellow «Quenching of paper 
| fluorescence 
y-Lactone of a-keto-y-hydroxybutyrie | 0.85 | 1s Fluorescence 
acid* | | | 
Pyruvic acid 0.55 | Quenching 
a-Keto-y-hydroxybutyric acidf | 0.42 | 
Zero time | | | 
Formaldehyde | 0.90 
Pyruvie acid 0.56 | 


After incubation | | 


Formaldehyde | 0.93 | 
Primary reaction product | 


Ascending chromatography; solvents as described in the text. Whatman No. 4 
paper; no pretreatment. Spots applied by placing approximately 0.010 ml. of the 
carbonyl compounds in ethyl acetate solution on the starting line. 

* Product isolated from a large scale experiment. 

t Obtained by alkaline hydrolysis of lactone-2,4-dinitrophenylhydrazone. 


form a-keto-y-hydroxybutyric acid which, during subsequent treatment 
and extraction, is converted into the y-lactone. 


DISCUSSION 


The enzyme-catalyzed condensation reaction described in this communi- 
cation constitutes the first such reaction definitely implicating formalde- 
hyde. It also assigns a new metabolic réle to pyruvate. 

It is proposed to call the enzyme “formaldehyde-pyruvate carboligase.” 

Mitchell and Artom (14) independently obtained preliminary data sug- 
gesting that they were dealing with a similar enzyme system. Bernheim 
(15) described an enzyme system from rat liver which oxidizes formalde- 
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hyde to formic acid in the presence of aminoguanidine. Additions of the 
latter compound had no effect in our system. 

[“The possible biological significance of the condensation reaction and of 
the product formed has not yet been investigated. The reaction involves 
2 very reactive molecules and results in the formation of a 4-carbon com- 
pound with three functional groups, a molecule which could be expected 
to undergo a great variety of reactions. A metabolic réle for formaldehyde 
has been repeatedly suggested in recent years (16-18). The reaction de- 
scribed may be one way in which this compound may enter the pathways 
of intermediary metabolism. 


SUMMARY 


An enzyme was purified from beef liver which condenses formaldehyde 
and pyruvate to yield a-keto-y-hydroxybutyric acid as the reaction prod- 
uct. The compound was isolated from the reaction mixture as the y-lac- 
tone and its properties were described. Phenylpyruvic acid under the 
same conditions yielded the y-lactone of a-keto-8-phenyl-y-hydroxybutyric 
acid. No other aldehyde, ketone, or ketonic acid tested was active in the 


system. 
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In an earlier publication (1) the authors reported that oral administra- 
tion of large amounts (0.89 mg. per rat) of radioactive vitamin By: (cyano- 
cobalamin) to rats resulted principally in elimination of radioactivity in the 
feces. Relatively small but significant amounts were found, however, in 
the urine, kidney, and liver, indicating that a small fraction of the admin- 
istered vitamin had been absorbed through the gastrointestinal tract. The 
large dose had been dictated by the low specific activity of the radiovita- 
min (2) available at the time. 

These experiments have since been extended to a much lower amount 
with the aid of Co®-labeled vitamin (3) of high specific activity, and the 
effectiveness of administration by mouth and injection has been compared. 
Barbee and Johnson (4) have detected, in experiments with single rats, no 
significant dependence of distribution of activity in the kidney, liver, 
spleen, and blood upon the route of administration of 20 y of radiovitamin, 
and they found but slight absorption (a maximum of 0.6 per cent) in each 
of ‘those organs, the major effect being rapid and practically complete 
elimination in urine or feces. The current experiments with 4 y confirm 
this general excretion pattern, although to a lesser degree. The distribu- 
tion pattern, however, was markedly different in that the tissues of injected 
rats retained, for the most part, considerably more of the radioactivity 
after 4 days, the greatest concentration being observed in the kidney, 
muscle, skin, and liver. Although these organs also contained significant 
activity after oral administration of the radiovitamin, the quantities were 
one-fourth to one-fortieth of the amounts attending injection. Blood and 
related erythropoietic organs such as spleen and bone marrow contained 
rather low total activity, even after injection, although differences between 
these and other organs were less marked when considered from the “per 
gm. of tissue”’ basis. 

The fecal matter collected after oral administration was homogenized in 
water and fractionated by centrifugation to test the possibility of retention 
of radioactivity by the bacterial fraction. This type of retention was not 
of major importance. Microbiological assays of feces and urine were per- 
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formed to permit the correlation of radioactivity with vitamin By», since 
radioactivity alone reveals only the quantity of cobalt present. Such cor- 
respondence was found to prevail in the case of urine, whereas the fecal] 
vitamin By. content, when measured, was very small and in no way related 
to radioactivity, thereby indicating destruction of the vitamin proper. 


EXPERIMENTAL 


Radtovitamin Administratton—Two groups of four normal male adult rats 
(285 gm. average body weight) each were employed for these experiments. 
These animals were of the McCollum strain and from a stock colony, 
They were kept in individual metabolism cages, as in our earlier work, and 
were fed a stock soy bean diet during the entire experimental period. Fe- 
cal matter was removed several times daily to minimize contamination by 
urinary radioactivity. The quantity of radiovitamin By: administered! per 
test animal was 4.24 y, subcutaneous injection being employed in the case 
of Rats 1, 2, 4, and 5, and oral administration by stomach tube for Rats 
6, 7, 8, and 9. 

Sample Preparation—Daily collections of feces and urine were begun as 
a basal control 2 days (Periods I and II of 24 hours each) before radio- 
vitamin administration, and then two more 24 hour collections (Periods 
III and IV) and one 48 hour collection (Period V) were made following 
administration. 

At the end of the 96 hour period, the animals were sacrificed and the 
following organs removed: liver, kidneys, spleen, heart, testes, brain, gas- 
trointestinal tract (including stomach and small and large intestines), 
cecum, and combined lung-fat-pancreas. The large intestines were scraped 
clean of fecal matter. Pieces of skin and portions of muscle weighing 2 
to 3 gm. were set aside for radiometric examination, as were 2 ml. samples 
of blood. Bone marrow was obtained by removing both femurs and tib- 
ias, breaking these bones at the epiphysis, and blowing and washing out the 
bone marrow with water. The marrow was homogenized in 50 ml. of wa- 
ter, and 40 ml. were evaporated and subjected to wet oxidation (5) with 
sulfuric and nitric acids after addition of several mg. of carrier cobalt (as 
chloride) as in our earlier report (1). The clear acid digests were evapo- 
rated on a hot-plate until sulfuric acid fumes ceased to be liberated, care 
being taken to avoid excessive ignition of the residue. The residue was 
dissolved by dropwise addition of 0.5 to 1 ml. of 1 N HCl, transferred to 
a 10 ml. volumetric flask, and diluted to volume. 

Livers, kidneys, spleens, intestinal tracts, ceca, and the lung-fat-pancreas 


1 The radioactive vitamin employed in these experiments was supplied by Merck 
and Company, Inc., on allocation by the Isotopes Division, United States Atomic 
Energy Commission. 
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composites were similarly dispersed in water, and the bulk of the homog- 
enates evaporated and wet oxidized to yield 10 ml. of dilute acid solution. 
The residual carcasses of two animals from each group were treated with 
digestion acids until organic matter was destroyed, then diluted to 1 liter 
with water and the ashing continued with a 250 ml. aliquot. In these 
eases the digests were made up to a final volume of 100 ml. of 0.01 N 
HCl. Total volumes of homogenates and the portions removed for ashing 
were noted for each case. Hearts, testes, blood, skin, and muscle were 
wet ashed directly without prior water dispersion, and residues dissolved 
in 10 ml. of dilute HCl. 

The samples of feces were also homogenized in 100 ml. of water (Period 
V in 200 ml.), but not all the collections were wet ashed at this point. In 
order to make a rough test of the partition of radioactivity among insoluble 
solids (Fraction A), bacteria (Fraction B), and aqueous medium (Fraction 
C), the homogenates derived from the orally administered animals during 
collection Periods III (0 to 24 hours) and IV (24 to 48 hours) were sub- 
jected to fractional centrifugation in an International centrifuge (type S-1) 
before acid treatment. The three fractions were obtained respectively by 
centrifuging at 1000 r.p.m. for 0.5 hour and decanting the supernatant 
liquid which was, in turn, subjected to centrifugal action at 3800 r.p.m. for 
0.5 hour. The first sediment (Fraction A) represents miscellaneous food 
solids, and the second (Fraction B) presumably the bacterial. fraction. 
Fraction A was wet ashed in its entirety, whereas small portions of C were 
withdrawn for microbial vitamin B,, assay before preparing the remainder 
for radioactivity measurement. All other fecal homogenates were assayed 
microbiologically for vitamin B,. content, and for radioactivity after wet 
oxidation of 25 ml. The practice of adding carrier cobalt prior to acid 
treatment and dissolving the final residue in 10 ml. of dilute HCl was 
observed throughout. 

Urine samples were diluted to 200 ml. with water and assayed directly 
for vitamin By. content and radioactivity. 

Assay Methods—Microbiological assays of feces, urine, and other tissues 
were performed by the Lactobacillus leichmannii method of Skeggs et al. (6). 
All cobalamins appear to have approximately the same microbial activity 
by this test method. 

Radioactivity was measured with a windowless gas flow counter operated 
in the Geiger region. A standard Co® preparation was used to detect, and 
correct for, daily variations in counter efficiency. Coincidence corrections 
were made when necessary. Aliquots (1 to 2 ml.) of the dilute HCl 
solutions were evaporated in cupped aluminum planchets (32 mm. in diam- 
eter; 2 mm. deep) under an infra-red lamp after addition of several drops 
of concentrated ammonium hydroxide. Dilute urine samples were evap- 
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orated directly without ammonia addition. Except as otherwise noted 
below for relatively inactive samples, a sufficient number of counts was 
taken to insure a maximum counting standard deviation of 3 per cent. 
Self-absorption curves were constructed to permit correction for radiation 
absorption by the solid residues in the planchets. 

The concentration of the radiovitamin preparation administered was 
determined spectrophotometrically. Its specific activity was 65 uc. per 
mg. The radioactivity standardization was performed by evaporating ali- 
quots of the diluted stock solution in the aluminum planchets and deter- 
mining the radioactivity of the residues. The total activity administered 
per rat in 4.24 y was 264,400 c.p.m. + 1.6 per cent under the standard 
condition of measurement, which had an over-all efficiency of about 40 per 


cent. 
Results 


The results of the tissue examination for radioactivity are listed in Ta- 
bles I and II, which pertain to injection and oral administration respec- 
tively. The figures recorded represent totals corrected for dilution and 
sampling. The figures in parentheses indicate an average of values ob- 
tained from other animals in the series.2, Calculations of totals for mus- 
cle and skin were based on the estimate by Donaldson (7) that muscle 
and skin comprise 45.4 per cent and 18 per cent respectively of the total 
body weight of an adult rat. Carcass values are corrected for adhering 
muscle and skin ignited concomitantly. Blood volumes were calculated to 
be*18 to 20 ml. on the basis that the blood volume of normal rats rep- 
resents 6.5 per cent of the body weight. No adjustment for total bone 
marrow content was made in view of the small quantities entailed. The 
headings of the first seven columns are self-explanatory. The last column 
contains the average vitamin content in micrograms, calculated from the 
radioactivity of the tissue, assuming no alteration of the administered 
radiovitamin. 

As stated in the preceding section, most of these radioactivity measure- 
ments were sufficiently prolonged to insure a maximum standard error 
(c) of +3 per cent per observation. Of the results reported in Table I, 
only the blood and bone marrow measurements had markedly greater 
standard errors, which were blood 14, 13, 19, and 61 per cent, marrow 
17, 14, 30, and 18 per cent for Rats 1, 2, 4, and 5, respectively. The low 


? The composite of lungs, pancreas, and fatty tissue of only one animal per series 
was measured. 

7 No comparable data regarding MeCollum rats were available to the authors. 
However, skin weights were measured on separate rats and found to amount to 14 
per cent, exclusive of head and tail skin. This is considered a good check. These 
figures apply to 260 gm. male Wistar rats. No values were reported for 300 gm. rats. 
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“eomposite” radioactivities are likewise approximate, and this uncertainty 
is indicated by an approximation sign (=) in Tables I and II. 

A similar uncertainty attaches to, and is indicated for, muscle (¢, 13 to 
14 per cent) and skin results (¢, 14, 28, 13, and 11 per cent for Rats 6, 7, 


8, and 9) after oral administration. 


Organ 


Muscle........... 


Gastrointestinal 


TABLE I 


Distribution of Radioactivity in Rats after Subcutaneous Injection of 4.24 y of 
Radioactive Vitamin By» 


For carcasses of Rats 6 and 9, the 


Radioactivity, c.p.m. 


| Rat 4 
19,940 
15,920 
8,500 
6,050 
6,580 


3,330 
1,470 
560 
380 
440 
(230) 
(19, 400 ) 
161,000 
13,130 


257 , 700 
97.4 


Average | Adminis- 
per cent (tered vita- 
© 
| Rat 5 | Average dioactivity equivalent 
27,540 24,600 9.30) 0.394 
18,300 | 17,200 6.50) 0.276 
9,940 8,500 3.22, 0.137 
3,650 7,600 2.88; 0.122 
(6,520) 6,500 2.46)! 0.104 
6 , 850 5,400, 2.05 | 0.087 
1,770 1,600, 0.61 | 0.026 
~170 =730, =0.3 |=0.01 
600 580, 0.22 | 0.0093 
450 420, 0.16 | 0.0068 
220 340, | 0.0055 
(230) | 2230 ~0.09 |=0.004 
=70' |=0.001 
22,200 | 19,400; 7.34) 0.311 
118,000 (133,000; 50.30 | 2.12 
14,870 16,800 6.36 | 0.270 
231,400 (243,000 
87.5 91.9 


The figures in parentheses are average values obtained from other animals in the 


series. 


* Total of all the collections. 


standard errors were 7 and 9 per cent, respectively. Spleen and bone 
marrow activities in this group were of doubtful significance, being either 
zero or very low with high standard errors, and were therefore listed as 


zero in the columns showing averages. 


Considerable uncertainty also char- 


acterizes activities for heart (¢, 19 and 33 per cent for Rats 8 and 9), 
brain (47 and 20 per cent for Rats 8 and 9), and blood (28, 10.3, 61, and 
93 per cent for Rats 6 to 9) among these same animals, and these figures 
are considered as maximal. 3 


is 
t. 
| Rat 2 
Kidneys. .........| 31,150 | 19,560 
19,170 §=15,370 
Liver.............| 16,050 | 4,720 
: tract............| 6,110 | (5,430) | 
| Testes............| (1,620) | (1,620) | 
| Blood............. 21,040 =940 | 
Heart.............| (580) | (580) 
Brain.............| (420) | (420) | 
370 320 
Composite........| 2230 | (230) | | 
Bone marrow.....| 275 ~92 | 
Careass...........| 16,600 (19,400) 
Urine*............|111,400 141,500 | | 
Feces*............| 25,080 | 14,160 | | 
Total........... 244,000 238,900 
Per cent........ 92.3 90.4 
XUM 
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In both sets of experiments about 90 per cent of the radioactivity was 
accounted for on the average. Actually, only two animals per group were 
completely analyzed, with recoveries totaling 92.3, 87.5, 96.2, and 97.4 per 
cent. It is possible that, had the carcasses of Rats 2, 7, and 8 been ana- 
lyzed, additional activity would have been recovered. Furthermore, the 


TaB_e II 


Distribution of Radioactivity in Rats after Oral Administration of 4.24 y of 
Radioactive Vitamin 


| Radioactivity, c.p.m. _ Average | Adminis- 
Organ 
Rat 6 | Rat7 | Rat8 = Rat9 _ Average dioactivity equivalent 
| 
Kidneys.......... 750 370 «490 850 620 0.23 | 0.0098 
3,260 3,200 23,260 23,190) ~1.2 (20.05 
~1,840 670 1,440 21,400 21,340 0.5 (20.02 
860 610 | 960 650 770, «0.29 | 0.012 
770 (640); +790 | 370 640 0.24 0.010 
Gastrointestinal | | 
(470) | 550 130 470, 0.18 0.0075 
Testes... (370)  (370)' 320 410 | 370 0.14 0.0059 
| 1,90 | 0, 130 , 430) 0.16 | 0.0068 
(40) (40) 50 30 40 0.015, 0.0006 
(50) 40 | @ 50 0.02 | 0.0008 
Spleen....... | 0 90 36 0 0.0 0.0 
Composite. ...... (220) (220) (220) 220 S0.08 0.004 
Bone marrow... 12 | 49 10 0 00 90.0 
11,200 (10,170) (10,170) 9,140 10,170 3.9 0.16 
3,350 2,890 2,670 4,100 3,250 1.2 0.05 
230,700 203,800 182,300 236, 600 213,400 3.42 
| | | | | 
254,300 224,800 203,300 257,400 235,000 
Per cent........ | 96.2 85.0, 76.9 97.4 88.9 


The figures in parentheses are average values from other animals in the series. 
* Maximum values; see the text. 
t Total of all the collections. 


use of estimated skin and muscle percentages (7) introduces an uncertainty 
in the total counts per minute accounted for. 

Table III shows the rate of excretion of radioactivity in the urine and 
feces of the injected rats. Columns 7, 8, and 9 present respectively average 
values of radioactivity in counts per minute, radioactivity in per cent of 
total administered, and the calculated initial vitamin By, (in millimicro- 
grams) equivalent to this activity. Also included (Column 10) are the 
results (in millimicrograms) of microbiological assays of the various collec- 
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tions. These are reported in Column 10, Table III, as the averages for 
the four test animals. Table IV is the counterpart of Table III for oral 
administration, and contains also the observations made on the fraction- 
ated feces homogenates. In Table IV, the radioactivity of the urine spec- 


TaBie III 
Rate of Excretion of Radioactivity and Microbiological Activity by Injected Rats 
| | | Average 
Sample Rati  Rat2 Rat4 Rat5 Vitamin 
P No. a | a | a | a Per — Microb ‘ 
| | total 7 assay Vitamin Biz 
a) | © | | @w] » (10) 
c.p.m c.pm. c.p.m. c.p.m. | c.p.m. 
Urine | It 79 + 12t 
IIt 0 0 0 0 0 70 + 15 
III (102,800 136,300, 156,700 114,500/127 ,60048.3 2,050, 2530 + 150 
IV | 2,880, 2,140' 1,700/ 1,650! 2,110/0.80| 110 + 10 
V 5,720 3,080 2,480 1,880; 3,290) 1.2 137 + 26 
Total... 400 141 ,500/161 ,000'118 ,000 133 ,000)50.3 
Feces It 4.7 + 1.2 
—C«dALT | 0 0 0 6.4 + 2.0 
III | 12,970; 5,430, 1,890! 4,200 6,120) 2.31 98 6.1 + 2.5 
IV 1,940; 1,990) 2,750 1,220 1,980 0.75 32, 2.9 + 0.2 
| Vv 10,170' 6,740| 8,490' 9,450 8,710) 3.30; 140 15 + 1.9 
Total... ....} 25,080 14,160 13,130 14,870 16,810) 6.36 


| *Average of assays for all four test animals; with average deviation from the 
mean. 

t Basal collections; the observed net counts were zero, or the standard deviations 
for these counts were of the order of the net counts per minute and therefore not 
significant. 

t Average of assays for Rats 2, 4, and 5. 


imens was very low, and standard deviations of individual measurements 
are reported. 


DISCUSSION 


The experiments summarized in Tables I and II reveal in striking fashion 
the greater effectiveness of injection over oral administration in making 
vitamin B,, available to the test animal. With the exception of blood, 
organs of rats treated by injection contain in general 4 to 40 times more 
radioactivity than animals fed per os. The great uncertainty attaching to 


a 
~ 
4 


| Microbiological 
assay* 


(10) 


8S + 16t 
67 + 23 
78 + 27 
51 + 6 


78 + 
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TABLE IV 
Rate of Excretion of Radioactivity and Microbiological Activity by Rats after Oral 
Administration 
Sample | Potiod | Rate | Rat7 | Rats | Rat9 
(1) (2) (3) (4) (5) (6) (7) 
c.p.m. C.p.m. c.p.m. c.p.m. C.p.m. 
Urine It 0 0 0 0 0 
IIt (1300 (900 0 
+270) +280 ) 
III 980 1780| 1360 840 1240 
+240 | +280) +220 | +260 
IV 1750 680; 1060 2500 1500 
+230 | +230' +250 | +200 
V 620 430 250 760 510 
+210 | +280; +200 | +180 
_ arene 3350 2890 2670 4100 3250 
Feces If 0 (340 0 
+50 ) 
IIt 0 (370 0 
+50) 
IITA | 95,500 | 66,800) 68,750 | 71,180 | 75,560 
IIIB | 9,290 | 14,370) 7,130 | 57,400§| 22,050 
IIIC | 68,800 | 76,150) 41,750 | 11,240 | 49,490 
IVA | 28,600 | 11,570) 22,550 | 10,290 | 18,250 
_IVB 943 | 2,725) 2,920/ 1,370] 1,990 
IVC 7,530 | 26,200) 28,450 | .74,300 | 34,120 
|v 20,080 | 5,990) 10,770 | 10,820 | 11,920 
Total.... .. .|230,700 |203,800)182,300 |236,600 |213,400 


mean. 
t Basal collections, all net counts listed as zero were either measured as zero or 


were not significant (see the footnote to Table III). 


were omitted from the totals. 
t Average of assays for three rats. 
§ Omitting this value from the average halves the quantity of vitamin in this 
fraction. 


Average 
Per 
bie 
total [equiva | 
(8) (9) 
0.47 20 
0.57 24 
0. 8 
28.6 | 1210 
8.3 | 350 
18.7 790 
6.9 290 
0.8 32 
12.9 550 
4.5 190 


The figures in parentheses 


the blood measurements, especially those which pertain to oral administra- 
tion, excludes such a comparison for this tissue. 
activity in the feces is the preponderant consequence of oral administration, 
although some absorption of the radiovitamin through the intestines must 
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occur in view of the small but definite quantities of radioactivity present 
in the urine and other tissues. In fact, this is probably all the animal 
requires, in view of the probable existence of a vitamin By,2 reserve (8) in 
the body. By contrast, the urine of injected rats contains approximately 
half of the radioactivity and the feces about 6 per cent, the remainder 
being quite generally distributed among the various organs of the animals. 

Table I lists these organs in order of decreasing radioactivity content. 
The greatest total activity is found in the kidneys, muscle, skin, liver, 
residual carcass, and intestinal components. Small but definite quantities 
are present in the testes, heart, blood, brain, spleen, and bone marrow. 
The low activity left in the blood, bone marrow, and spleen 4 days after 
administration appears surprising in view of the striking hematopoietic 
effect of vitamin B,2, and may not reflect the vitamin distribution prevail- 
ing shortly after injection. It is conceivable that the quantity of vitamin 
administered in these experiments is far in excess of that required by the 
animal and even the low levels observed in these three organs may be 
sufficient to produce their physiological effect, or that the vitamin exercises 
its function in some other organ. The generalized nature of the vitamin 
By distribution in the animals may, in fact, be an indication of the multi- 
farious physiological réle played by vitamin By. The rather high concen- 
tration of vitamin in the liver* (0.122 y computed from radioactivity) 
may be associated with its suggested influence on nucleoprotein synthesis 
(9-11), and its presence in brain is reasonable in the light of the neurologi- 
cal symptoms accompanying pernicious anemia (12). <A similar wide- 
spread distribution was observed by Monroe, Patrick, Comar, and Goff 
(13) after intraperitoneal injection of week-old chicks with 11 to 12 y of 
radioactive vitamin By». 

The great variation in total Co® (7.e., radioactivity) content of the 
several tissues examined becomes less marked when the weights of the 
organs are taken into account. Table V shows the radioactivity in ¢.p.m. 
per gm. of fresh tissue after injection and oral administration. The kid- 
neys exhibit the greatest concentration of activity, presumably because of 
the special r6le which this organ plays in the excretion mechanism, although 
a more fundamental metabolic function is not excluded (14). The liver, 
testes, heart, and spleen of injected rats appear on this basis to have similar 
activity concentrations of the order of 500 to 800 ¢.p.m. per gm., despite 
the 50-fold variation in total activity; and muscle, skin, and brain con- 
stitute a second grouping with 150 to 200 ¢.p.m. per gm. Blood still 
seems to exhibit the lowest incidence of Co®. Although the marrow weight 
was not noted, we estimate, from marrow in measurements on other rats, 
a weight of 0.18 gm. (in tibias and femurs), hence a concentration in this 


‘ Also reported for non-radioactive vitamin Bis (9). 
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tissue of 400 ¢.p.m. per gm., which is of the order of magnitude of the 
testes concentration. Differences in tissue concentrations after oral ad- 
ministration became less pronounced, although the markedly greater effec. 
tiveness of injection continues in evidence. 

The carcass values, after correction for skin and muscle, represent essen- 
tially the radioactivity of the skeleton (minus tibias and femurs) plus a 
small amount of fat and glandular matter. These values (7.e. 7.3 per cent 
of injected activity; 3.9 per cent of activity administered orally) appear to 
be much higher than the radioactivity of the marrow removed from the 
tibias and femurs (0.03 per cent of injected activity). If the fat and 


TABLE V 
Radioactivity Concentration in Various Tissues 


Organ Average weight of — | ; 
Injection Ora! 
gm. c.p.m. per gm. c.p.m. per gm. 
2.06 + 0.06 11,900 300 
Spleen......... | 0.50 + 0.03 680 0 


| 


* Average for experimental animals, + average deviation from the mean. 


+ +1 ml. 
¢t Counts per minute per ml. 


glandular matter may be ignored, as seems indicated by these experiments, 
one must conclude either that the bone and connective tissue contain 
large amounts of vitamin B,2 or other cobalt-containing compounds or 
that the bone marrow in this residual skeletal matter is richer in such 
components than the marrow in the tibia and femur. A choice between 
these alternatives cannot be made solely on the basis of this investigation. 
Direct measurements of the specific activity of skeletal marrow will be 
required to decide this point. 

Barbee and Johnson (4) found no significant effect of the administration 
routes under discussion upon the radioactivity content of rat organs. Thus 
the vitamin By. contents (assuming radieactivity represents vitamin B,) 
they observed for liver, kidneys, spleen, and blood were respectively 0.082 
versus 0.088 y, 0.104 versus 0.124 y, 0.064 versus 0.056 y, and 0.056 versus 
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0.044 y for injection versus oral administration. These findings differ from 
our results both as to magnitude and differences between test groups. 
These discrepancies probably stem in part from differences in test animal 
histories and diets, as determinative of the state of vitamin B,, depletion, 
and partly from the 5-fold difference in quantity of administered vitamin. 
It is possible that 20 y comprise an excessively large quantity of vitamin 
for the rat to handle. If such non-physiological levels cannot be rapidly 
eliminated by the several organs during the course of the experiment, the 
net effect could be an apparently generalized distribution throughout the 
animal. 

Data summarized in Table III show that the urinary excretion of radio- — 
activity by injected rats is practically complete within 24 hours after 
administration of the radiovitamin. The vitamin B;, content (in millimi- 
crograms) of the urine, calculated from the specific activity of the original 
vitamin Byz (Column 9, Table III) parallels the microbiologically deter- 
mined values (Column 10). If the basal vitamin B,2 value of 70 to 80 
mygm. is taken into account, one may conclude that for all three periods 
the radioactivity is truly present as vitamin Biz. The discrepancy of 20 
per cent observed in Period III could easily be experimental error, since 
individual rat values exhibited this correspondence between radiometric 
and microbiological vitamin values, or it could represent some degree of 
conversion of cyanocobalamin to other cobalamin analogues with somewhat 
different specific microbial activities toward L. leichmannii. Extensive 
destruction of the vitamin would appear to be ruled out. A similar conclu- 
sion concerning the nature of the radioactive constituents of urine after oral 
administration (Table IV) is not unequivocal, because the vitamin equiv- 
(Column 9) of the small radioactivity (1.23 per cent) excreted more or 

uniformly over a period of 4 days is masked by the larger normal 
excretion of dietary vitamin By. In view of the injection experiments, 
and inasmuch as an extraction technique employed in our earlier work (1) 
on the oral administration of a large dose demonstrated that the urinary 
radioactivity was actually associated with vitamin Bi2, we may assume 
that, in the present case as well, the administered vitamin By. is excreted 
as such in the urine. 

The fecal homogenates, in striking contrast to the urine, appear to con- 
tain but little microbiologically active material despite the presence of 
large amounts of radioactivity. Microbial assays of feces homogenates 
prepared after injection (Table III, Periods III to V) reveal no significant 
vitamin excretion over the basal levels (Periods I and II), whereas radio- 
metric measurements indicate a small (6.36 per cent total) but continuous 
excretion, the vitamin equivalent being 10 to 15 times that determined 
microbially. This compels the conclusion that the Co® eliminated in the 
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feces is no longer associated with the original vitamin, but that profound 
degradation of the unabsorbed vitamin occurs in passing through the in- 
testinal tract, presumably as a consequence of microbial action. This 
observation was amply confirmed by oral administration (Table IV); an 
average of over 80 per cent of the radioactivity was excreted in the feces 
after 4 days (average of 55.6 per cent during Period III, 20.6 per cent 
during Period IV, and 4.5 per cent in Period V). In this series, too, the 
microbiological assays indicated low vitamin By: levels, of the order of 
2 to 6 mygm. per 24 hours, which remained relatively steady for a 6 day 
interval despite the administration of radiovitamin after the 2nd day. The 
microbial results were again completely at variance with the radiometric 
measurements. By contrast with microbial assays, the vitamin By», equiv- 
alent of Co® in the feces for the last period (V) was 190 mugm., which is 
16 times the microbial value. 

Similar disproportions were obtained for Periods III and IV, although 
these collections were fractionated by centrifugation, and microbial analy- 
ses were performed only on the supernatant liquids (Fraction C). The 
distribution of the radioactivity among these fractions would tend to dispel 
the thought that orally administered vitamin B,2 is unavailable for absorp- 
tion because of retention by intestinal flora, since the latter fraction (B) is 
found to retain but a minor fraction of total radioactivity. However, the 
disparities between microbial and radiometric results are again so striking 
(ratios of radiometric to microbial results of 330 times and 290 times for 
Fractions IIIC and IVC respectively) that destruction of administered 
vitamin By. in the feces could be considered to be complete. Unfortu- 
nately food solids (Fraction A) and bacteria (Fraction B) were not exam- 
ined for vitamin Bi2,#@ that the existence of intact radioactive vitamin or 
its analogues in these fecal components during Periods III and IV cannot 
be excluded. No such reservation, however, applies to feces collected 
during Period V which were analyzed without fractionation, and experi- 
enced the greatest exposure to intestinal microorganisms. 

The nature of the cobalt-containing products of vitamin B,, metabolism 
was not investigated further at this time. Barbee and Johnson, in the 
work cited above, have shown by radioautographs of paper strip chromato- 
grams that the feces of rats contain considerable ionic Co® after oral 
administration of the radiovitamin, and that all of the radioactivity in the 
feces after injection is in this form. Our results are understandable in the 
light of these observations which were attributed to decomposition by 
bacterial action. 

There exists the possibility that low microbiological assay results are due 
to conjugation of the vitamin with intestinal components to form a micro- 
biologically inert conjugate. Vitamin B,2 is known to combine with pro- 
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teinaceous materials (15, 16) in such a manner as to reduce effectively its 
action On microorganisms, including L. leichmannii. Autoclaving, for 15 
minutes, however, liberates the microbiological activity, and this precau- 
tion was incorporated in the microbial assays employed in this investiga- 
tion. Iurthermore, test assays of feces to which vitamin By. had been 
added always resulted in complete recoveries (8). In view of the evidence 
cited above, one must consider conjugation unlikely, and conclude that 
vitamin By. is destroyed in the feces, probably by bacterial action. This 
would explain the observation (17) that aureomycin causes an increase in 
the radioactivity and microbiological activity of vitamin By» extracts from 
feces of rats which had been fed a diet containing Co®. 


SUMMARY 


1. The distribution and excretion of Co® in rats, after subcutaneous 
injection and oral administration of Co®-labeled vitamin Bis, were deter- 
mined. 

2. Approximately half of the injected radioactivity was rapidly excreted 
in the urine, and about 6 per cent in the feces. The remainder was dis- 
tributed throughout the body and various organs. Loci of greatest total 
deposition were kidneys, muscle, liver, skin, and intestinal tract. Activity 
was found also in testes, blood, heart, brain, spleen, and marrow. 

3. After oral administration, 81 per cent was eliminated in the feces, and 
about 1 per cent in the urine. The quantities detected in the several 
tissues were only one-fourth to one-fortieth the amounts present after 
injection. 

4. Microbiological assays indicated that the radioactivity in the urine 
was present as intact vitamin. Profound degradation of the vitamin ap- 
peared to occur in the feces. 
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Blood cell(s)——continued: 
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Burch, Bessey, Love, and Lowry, 
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tectomy, glucose effect, Flock, Block, 
Mann, Grindlay, and Bollman, 427 
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tion effect, Jackson, 553 
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dase, relation, Kunkel and Campbell, 
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Bone: Carbonate, turnover, Buchanan 
and Nakao, 245 
Brain: Cytochrome c¢ oxidase, Brody, 
Wang, and Bain, 821 
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chrome c oxidase, Brody, Wang, and 
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carbon 14-labeled, oxidation to, in 
vivo, Meier, Siperstein, and Chaikoff, 
105 
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tion, Schneider and Hogeboom, 155 
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and Greenstein, 507 
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coupling, Aorkes, del Campillo, 
Korey, Stern, Nachmansohn, and 
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energy phosphate, rdle, Williams, 
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Citrate: Formation, Aspergillus niger, 

mechanism, Bomstein and Johnson, 
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Citric acid: Synthesis, enzymatic, Stern, 


Ochoa, and Lynen, 313 
Citrulline: Arginine dihydrolase system, 
Streptococcus faecalis, intermediate, 
Oginsky and Gehrig, 791 
Biosynthesis, carbamy! glutamate réle, 
Grisolia and Cohen, 561 
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587 
Clostridium perfringens: Arginine deg- 
radation, Schmidt, Logan, and Tytell, 
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Wang, and Bain, 821 
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Hele, and Ramakrishnan, 323 
Succinyl coenzyme A, Gergely, Hele, 
and Ramakrishnan, 323 
Decarboxylase: Glutamic. See Glutamic 
decarboxylase 
Dehydrase: p-Serine. See Serine de- 
hydrase 
Dehydrogenase: Glyceraldehyde-3- 


phosphate. See Glyceraldehyde-3- 
phosphate dehydrogenase 
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sodium chloride and, binding, Shack, 
Jenkins, and Thompsett, 85 

Desoxyribonucleic acid: Determination, 
microchemical, Ceriottz, 
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Desoxyribose: Degradation, Escherichia | 


coli, Hoffmann and Lampen, 885 
Desoxyribose nuclease: Intracellular 
distribution, Schneider and Hoge- 


boom, 155 
Diabetes: Alloxan, liver glucose, acetate 
carbon incorporation, Strisower, 
Kohler, and Chatkoff, 115 


Liver, cholesterol synthesis from ace- 
tate, Hotta and Chaikoff, 895 
-Obesity syndrome, pyruvate and ace- 
tate metabolism, Guggenheim and 
Mayer, 259 
Diaminobutyric acid: a,y-, cells, concen- 
tration, Christensen, Riggs, Fischer, 
and Palatine, 17 
Diaminopropionic acid: a,8-, optical 
enantiomorphs, Birnbaum, Koegel, 
Fu, and Greenstein, 335 
Diaphragm: Protein, carbon 14 incor- 


poration, insulin’ effect, Sinez, 
MacMullen, and Hastings, 615 

Dihydrolase: Arginine. See Arginine — 
dihydrolase 


Diphosphopyridine nucleotide: -Cyto- 
chrome c reductase, brain, Brody, 
Wang, and Bain, 821 


Embryo: Nucleic acid, Reddy, Lombardo, 
and Cerecedo, 267 
Enzyme(s): Acetyl co-. See Acetyl co- 
enzyme 
Adenylic acids a and b, adenosine con- 
version from, Reichard, Takenaka, 
and Loring, 599 
pL-a-Amino-e-hydroxy-n-caproic acid 
resolution, Berlinguet and Gaudry, 


pL-a-Amino-é-hydroxy-n-valeric acid 
resolution, Berlinguet and Gaudry, 
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m-Aminophenol, conjugation, Bern- 
stein and McGilvery, 195 
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Enzyme(s)—continued: 
Chloroacetyl-L-amino acids and gly- 
cyl-L-amino acids, effect, Rao, Birn- 
baum, Kingsley, and Greenstein, 


507 
Citric acid synthesis, Stern, Ochoa, and 
Lynen, 313 
Formaldehyde condensation, Hift and 
Mahler, 901 
Hemoglobin hydrolysis, spleen, effect, 
Brady, 607 
Intracellular distribution, Schneider 
and Hogeboom, 155 
Isocitric. See Isocitric enzyme 


Liver, t-histidine conversion to glu- 
tamic acid, rdle, Abrams and Borsook, 
205 
Pantothenate-synthesizing, Escher- 
ichia coli, Maas, 
Pyruvate condensation, Hift and Mah- 
ler, 901 
Succinyl co-. See Succinyl coenzyme 
Vitamin Be, Escherichia coli, Metzler 
and Snell, 363 
Yeast, purine ribosides, phosphoroly- 
sis and hydrolysis, Heppel and Hil- 
moe, 683 
See also Acetylase, Catalase, ete. 
Epinephrine: Isotopic carbon-contain- 
ing, metabolism, Schayer, Smiley, and 
Kaplan, 545 
Erythrocyte: See Blood cell, red 
' Escherichia coli: Desoxyribose degrada- 
tion products, Hoffmann’ and 
Lampen, 885 
Nucleic acid synthesis, carbon dioxide 
utilization, Bolton, Abelson, and Al- 


dous, 179 
Pantothenate-synthesizing enzyme, 
Maas, 23 


Protein synthesis, carbon dioxide uti- 
lization, Abelson, Bolton, and Al- 
dous, 165, 173 

p-Serine dehydrase, Metzler and Snell, 

363 

Vitamin Bs enzyme, Metzler and Snell, 

363 

Esterase: Phosphodi-. See Phosphodi- 
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Fasting: Acetate utilization, effect, 
Coniglio, Anderson, and Robinson, 
525 
Fat(s): See also Obesity 
Feces: Cholesterol 4 and 26 carbon 14- 
labeled, excretion, Siperstein and 
Chaikoff, 93 
Ferrimesoporphyrin: Imidazoles, co- 
ordination, Cowgill and Clark, 33 
Food: Intestine and blood serum phos- 
phatases, ingestion effect, Jackson, 


553 
Formaldehyde: Condensation, enzyma- 
tic, Hiftand Mahler, 901 
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Glucose: Blood plasma amino acids, 
hepatectomy, effect, Flock, Block, 
Mann, Grindlay, and Bollman, 427 

Liver, acetate carbon incorporation, 
alloxan diabetes, Strisower, Kohler, 
and Chaikoff, | 115 

Glucuronic acid: p-, carbon 14-labeled, 
metabolism, Douglas and King, 

187 

Glutamate: Carbamyl. See Carbamyl 
glutamate 

Glutamic acid: .L-Histidine conversion 
to, liver enzymes, role, Abrams and 
Borsook, 205 

Glutamic decarboxylase: Bacteria, hy- 
droxylamine effect, Roberts, 495 

Glutathione: Glyceraldehyde-3-phos- 
phate dehydrogenase prosthetic 
group, Krimsky and Racker, 721 

Glyceraldehyde-3-phosphate dehydro- 
genase: Aldehydes, oxidation, mech- 
anism, Racker and Krimsky, 731 

Prosthetic group, glutathione relation, 
Krimsky and Racker, 721 

Glycyl-t-amino acid(s): Enzymes, ef- 
fect, Rao, Birnbaum, Kingsley, and 
Greenstein, 507 

Growth: Hormone, insulin, bound, ef- 
fect, Stadie, Haugaard, and Marsh, 

785 


H 
Hemoglobin: Hydrolysis, enzymatic, 
spleen, effect, Brady, 607 
Hepatectomy: Blood plasma amino 


acids, glucose effect, Flock, Block, 

Mann, Grindlay, and Bollman, 427 

Histidine : 2-C'*-L-, carbon atom 2, liver 

labile methyl groups, source, 7'opo- 

rek, Miller, and Bale, 839 

L-, carbon atom 2, metabolic reac- 
tions, Sprinson and Rittenberg, 


—, glutamic acid conversion from, 
liver enzymes, role, Abrams and 
Borsook, 205 

Hydroxylamine: Glutamic decarboxyl- 
ase, bacterial, effect, Roberts, 495 
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Imidazole(s): Ferrimesoporphyrin, co- 
ordination, Cowgill and Clark, 33 
Insulin: Bound, growth, hormone and 
cortisone, effect, Stadie, Haugaard, 
and Marsh, 785 
Diaphragm protein, carbon 14 incor- 
poration, effect, Sinexr, MacMullen, 
and Hastings, 615 
Intestine: Cholesterol absorption, bile 
function, carbon 14 in study, Siper- 
stein, Chaikoff, and Reinhardt, 111 
Phosphatase, food ingestion effect, 


Jackson, 553 
Isocitric enzyme: Tomato leaf, copper 
effect, Nason, 643 

L 


Lactobacillus bulgaricus : Growth factor, 
pantethine, relationship, Brown and 
Snell, 375 

Lactobacillus pentosus nucleosidase: 
Mechanism, Lampen and Wang, 


Liver: Amino acid incorporation in vivo, 
Brunish and Luck, 621 
Ascorbic acid, dietary sulfasuxidine 
effect, Schwartz and Williams, 271 
Diabetes, cholesterol synthesis from 
acetate, Hotta and Chaikoff, 895 
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Liver—continued: 

L-histidine conversion to 
glutamic acid, réle, Abrams and Bor- 
sook, 205 

Glucose, acetate carbon incorporation, 
alloxan diabetes, Strisower, Kohler, 
and Chaikoff, 115 

Methyl groups, labile, u-histidine-2- 
C!* as carbon source, Toporek, Mil- 
ler, and Bale, 839 

See also Hepatectomy 
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Malonate: Succinate accumulation, in- 
jection effect, Busch and Potter, 

71 
Medium: Trace metals, Healy, Morgan, 
and Parker, 305 
Mercurial compound(s): Organic cata- 
lase, effect, Sohler, Seibert, Kreke, 
and Cook, 281 
Metal: Salts, serine and cysteine de- 
amination, catalytic, réle, Metzler 
and Snell, 353 
Trace, media, Morgan, and 
Parker, 305 
Metalloporphyrin(s): Cowgill and Clark, 
33 
Mitochondrium: Choline oxidase, high 

energy phosphate, réle, Williams, 
579 
Mold: See also Aspergillus, Neurospora 
Muscle: Myoglobin, preparation, Hel- 
wig and Greenberg, 995 

See also Diaphragm 

Myoglobin: Muscle, preparation, Hel- 
wig and Greenberg, 695 


Healy, 


N 


Neoplasm: Amino acids, Christensen, 
Riggs, Fischer, and Palatine, 1 
Neurospora: p-Serine dehydrase, Yanof- 
sky, 343 
Nitrogen: Metabolism, Tetrahymena 
geleit, Wu and Hogg, 753 
Nuclease: Desoxyribose. See Desoxy- 
ribose nuclease 
Ribo-. See Ribonuclease 
Nucleic acid: Desoxypentose. 
oxypentose nucleic acid 


See Des- 
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Nucleic acid—continued: 
Desoxyribo-. See Desoxyribonucleice 


acid 
IXmbryo, Reddy, Lombardo, and Ce- 
recedo, 267 


Phosphorus, pancreas, pilocarpine ad- 
ministration effect, Rabinovitch, Va- 
leri, Rothschild, Camara, Sesso, and 
Junqueira, 815 

Synthesis, Escherichia coli, carbon di- 
oxide utilization, Bolton, Abelson, 


and Aldous, 179 
Nucleosidase: Lactobacillus pentosus. 
See Lactobacillus pentosus nucleosi- 
dase 
Nucleotide(s): Actin transformation, 
molecular, participation, Mom- 
maerts, 469 
Pyridine. See Pyridine nucleotide 
O 


Obesity: -Diabetes syndrome, pyruvate 
and acetate metabolism, Guggen- 
heim and Mayer, 

Ornithine: Proline from, 
Hamilton, 587 

Oxalate: Formation, Aspergillus niger, 
mechanism, Bomstein and Johnson, 

143 

Oxidase: Choline. See Choline oxidase 

Cytochrome. See Cytochrome oxidase 


Pp 


synthesis 


Pancreas: Nucleic acid phosphorus, pilo- 


carpine administration effect, Rabin- 
ovttch, Valert, Rothschild, Camara, 


Sesso, and Junquetra, 815 
Pantethine: Lactobacillus bulgaricus 
growth factor, relationship, Brown 
and Snell, 375 
Pantothenate: Maas, 23 


-Synthesizing enzyme, Escherichia coli, 


P Maas, 23 
Peptidase(s): Blood cell, red, Adams, 
McFadden, and Smith, 663 
Adams and Smith, 671 


Phenol: m-Amino-. See Aminophenol 
Phosphatase: Blood serum, food inges- 
tion effect, Jackson, 553 


Intestine, food ingestion effect, Jack- 
553 


son, 
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Phosphate(s): Determination, micro-, Pseudomonas: Steroid metabolism, 
Soyenkoff, 221 | Santer, Ajl, and Turner, 397 
High energy, mitochondrial choline | Pseudomonas tabaci: Toxin, amino acid, 
oxidase, rdle, Williams, 579 isolation and chemical constitution, 
Phosphatidic acid(s): a-Bis-. See Bis- — Woolley, Schaffner, and Braun, 
phosphatidic acid | 807 
Phosphodiesterase: Venom, purifica- | Purine: Ribosides, phosphorolysis and 
tion, Sinsheimer and Koerner, 293 | hydrolysis, veast enzymes, Heppel 


Phosphorus: Pancreas nucleic acid, pilo- 
carpine administration effect, 
binovitch, Valeri, Rothschild, Camara, 
Sesso, and J unqueira, 815 

Pilocarpine: Pancreas nucleic acid phos- 
phorus, administration effect, Ra- 
binovitch, Valeri, Rothschild, Camara, 
Sesso, and Junqueira, 815 

Placenta: Progesterone isolation, Pearl- 


man and Cerceo, 79 
Plant(s): Trace elements, metabolism, 
Nason, 643 
Polypeptin: Purification, molecular 
weight, and amino acid composition, 
Hausmann and Craig, 405 
Porphyrin(s): Ferrimeso-. See  Fer- 
rimesoporphyrin 
Formation, mechanism, Shemin and 
Kumin, 827 
—, succinate relation, Shemin and 
Kumin, 827 
Metallo-. See Metalloporphyrin 


Pregnenolone: Separation and determi- 
nation, Reich, Sanfilippo, and Crane, 


713 
Progesterone: Isolation, placenta, 
Pearlman and Cerceo, 79 


Separation and determination, Reich, 
Sanfilippo, and Crane, 713 
Prolidase: Blood cell, red, isolation and 
properties, Adams and Smith, 671 
Proline: Synthesis from ornithine, 
citrulline, or arginine, Hamilton, 
587 
Propionic acid: a,8-Diidmino-. See Di- 
aminopropionic acid 
Protein(s): Iron-containing, metabo- 
lism, radioactive carbon and iron in 
study, Helwig and Greenberg, 703 
Synthesis, Escherichia coli, carbon di- 
oxide utilization, Abelson, Bolton, 
and Aldous, 165, 173 
Protozoa: See also Tetrahymena 


683 
See Acetylpyri- 


and Hilmoe, 
Pyridine: 3-Acetyl-. 
dine 
Pyridine nucleotide(s): Reduction, pho- 
tochemical, phosphorylation and 
chloroplast preparation, relation, 
Vishniac and Ochoa, 501 
Pyridoxal: Serine and cysteine deamina- 
tion, catalytic, réle, Metzler and 
Snell, 353 
Pyruvate: Acetate utilization, effect, 
Coniglio, Anderson, and Robinson, 


525 
Condensation, enzymatic, Hift and 
Mahler, 901 
Metabolism, obesity-diabetes  syn- 

drome, Guggenheim and Mayer, 
259 

R 

Reductase: Cytochrome c. See Cyto- 


chrome c reductase 
Ribonuclease: Intracellular distribu- 
tion, Schneider and Hogeboom, 155 
Ribose: Desoxy-. See Desoxyribose 
Riboside(s): Purine, phosphorolysis and 
hydrolysis, yeast enzymes, Heppel 
and Hilmoe, 683 


S 


Salt(s): Metal. See Metal 
Sapogenin(s): Steroid, Wall, Arider, 
Rothman, and Eddy, 533 
Serine: Deamination, Metzler and Snell, 
353, 363 
—, catalytic, pyridoxal and metal 
salts, réle, Metzler and Snell, 353 
Serine dehydrase: p-, Escherichia coli, 
Metzler and Snell, 363 
—-, Neurospora, Yanofsky, 343 
Sodium chloride: Thymus desoxypent- 
ose nucleic acid and, binding, Shack, 
Jenkins, and Thompsett, 85 
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Spleen: Hemoglobin hydrolysis, enzy- 
matic, effect, Brady, 607 
Steroid(s): Hydrogen isotopes, plati- 
num-catalyzed exchange, Fukushima 


and Gallagher, 871 
Metabolism by Pseudomonas, Santer, 
Ajl, and Turner, 397 
Sapogenins, Wall, Krider, Rothman, 
and Eddy, 533 


Streptococcus faecalis: Arginine des- 


imidase, properties, Oginsky and 
Gehrig, 799 

— dihydrolase system, Oginsky and 
Gehrig, 791, 799 

— — —, citrulline as intermediate, 
Oginsky and Gehrig, 791 
Succinate: Malonate injection, effect, 
Busch and Potter, 71 
Porphyrin formation, relation, Shemin 
and Kumin, 827 
Succinyl coenzyme: A, deacylases, 


Gergely, Hele, and Ramakrishnan, 
323 
Sulfasuxidine: Dietary, liver ascorbic 
acid, effect, Schwartz and Williams, 
271 


T 


Tetrahymena geleii: Amino acids, Wu 
and Hogg, 753 
Nitrogen metabolism, Wu and Hogg, 
753 

Thiamine: Blood cell, determination, 
micro-, Burch, Bessey, Love, and 


Lowry, 477 
—, determination, micro-, Burch, Bes- 
sey, Love, and Lowry, 477 


Thiamine phosphate(s): Blood cell, de- 
termination, micro-, Burch, Bessey, 


Love, and Lowry, 477 
—, determination, micro-, Burch, Bes- 
sey, Love, and Lowry, 477 


Threonine: Amino acid imbalance, re- 
lation, Ebisuzaki, Williams, and Elve- 
hjem, 63 


INDEX 


Threonine—continued: 
2-C'4-L-, uric acid synthesis, utiliza- 
tion, Krasna, Peyser, and Sprinson, 
421 
Thymus: Desoxypentose nucleic acid 
and sodium chloride, binding, Shack, 


Jenkins, and Thompsett, 85 
Tomato: Leaf, isocitric enzyme, copper 
effect, Nason, 643 


Toxin: Pseudomonas tabaci, amino acid, 
isolation and chemical constitution, 
Woolley, Schaffner, and Braun, 

807 

Trace element(s): Plants, metabolism, 
Nason, 643 

Trypsin: Inhibitor, colostrum, Laskow- 
ski, Mars, and Laskowski, 745 


U 


Uric acid: Aspartic acid-2,3-C'4-N con- 
version to,invivo, San Pietro, 639 
Synthesis, 2-C'*-L-threonine utiliza- 
tion, Krasna, Peyser, and Sprinson, 

421 

Urine: Cholesterol 4 and 26 carbon 14- 
labeled, excretion, Siperstein and 
Chatkoff, 93 


V 


Valeric acid: pL-a-Amino-é-hydroxy-n-. 
See Amino-é-hydroxy-n-valeric acid 
Venom: Phosphodiesterase, purification, 
Sinsheimer and Koerner, 293 
Vitamin(s): Bs enzyme, Escherichia coli, 
Metzler and Snell, 363 
Bi, body composition, effect, Ling 
and Chow, 439 

—, cobalt 60-labeled, administration 
method, effect, Rosenblum, Chow, 
Condon, and Yamamoto, 915 


Y 


Yeast: Enzymes, purine ribosides, phos- 
phorolysis and hydrolysis, Heppel 


and Hilmoe, 683 
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3 OF THE MORE THAN 3 5 0 ‘) EASTMAN ORGANIC CHEMICALS 


H H 
HO—C—¢—C_c_oH 
H 


Help from sap... 


L-Malic Acid (Eastman 543) finds its 
biggest use in asymmetric synthesis to 
separate racemic mixtures, which are 
formed when a human chemist totally 
synthesizes a compound having optical 
isomerism. For the separation it pays to 
get help along the way from nature—or 
at least from sugar bush men and state 
foresters. We ask them from time to time 
for hints as to where we can get “sugar 
sand,” the residue left from concentrat- 
ing maple syrup. This is crude calcium 
L-malate, and it comes in looking like a 
very poor grade of maple sugar. By treat- 
ing it with H,SQ,, we get nice, white 
crystals of pure L-malic acid. They’re 
quite sour but pleasantly so, as in green 
apples. We also carry DL-Malic Acid 
(Eastman P942). It’s made in a dyestuffs 
plant, and we don’t bother to taste it. 


Old fashioned, special... 


Benzidine was well known as a reagent 
for the detection of blood back in the 
serene years when the flavor of chem- 
istry was pervasively Teutonic. Then the 
Hohenzollerns turned bellicose, their 
chemistry was dammed off, and Eastman 
Organic Chemicals relieved the organic 
reagents drought. Benzidine was one of 
the first of them. We’ve learned a lot of 
new chemistry in the years since scien- 
tific men discarded their derbies, but 
benzidine is still an excellent reagent for 


| 


the detection of blood and the microde- 
termination of hemoglobin, especially if 
the reagent is purified. Now we've put it 
in the news again by launching a grade 
of benzidine designated as Eastman X33, 
where we have done the special purifying 
for you and tested it for blood analysis. 
Abstracts free. 


Never mind the phosgene... 


Diphenylcarbamyl 
Chloride (Eastman 
801), a reagent for 
the identification 
of phenols, partic- 
ularly nitrophe- 
nols, by the forma- 
tion of sharply 
melting esters, is 
another old timer. We shall gladly send 
you an abstract of the procedure. (An- 
other reagent of the same type for phenol 
identification is Chloroacetic Acid (East- 
man 68), but it won’t work for nitrophe- 
nols.) In the old days analysts had to 
make their own diphenylcarbamyl! chlo- 
ride by reacting diphenylamine, com- 
mon stabilizer for TNT, with phosgene, 
the ‘‘ancient’’ war gas. Nowadays, 
though, instead of displaying your brav- 
ery by manipulating compressed phos- 
gene, it’s a lot more sensible to order the 
reagent from our well-stocked shelves. 


N—C—Cl 


In our List No. 38, just issued, you will 
find more than 3500 other organic com- 
pounds. If you haven’t received your 
copy yet, please write Distillation Prod- 
ucts Industries, Eastman Organic Chem- 
icals Department, 617 Ridge Road West, 
Rochester 3, N. Y. (Division of Eastman 
Kodak Company). 


Eastman Organic Chemicals 
for science and industry 


Also...vitamins A and E...distilled monoglycerides... high vacuum equipment? 


KUM 
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GLUCURONOLACTONE 


The Gamma Lactone of | 
HCOH 
Glucuronic Acid | 


Biologically Important: Glucuronic acid and its lactone have long been of 
biological interest because of their important role in detoxication 
mechanisms. The acid is also found in the body as a structural con- 
stituent of essentially all fibrous and connective tissues. 


Synthetic Source: Synthesis from p-glucose now provides commercial quan- 
tities of high purity GLUCURONOLACTONE for study 
and use. 

Detailed Data: New booklet describing properties and 
clinical aspects of GLUCURONOLACTONE is now avail- 
able. Send for your copy today. 


Chemical a) Division 
CORN PRODUCTS REFINING CO. 


17 BATTERY PLACE * NEW YORK 4 


NEW A Complete 


a Fine chemicals List of C" Chemicals 
|| NUCLEAR offers a com. 


pounds. Through agreement with 
and research the British Ministry of Supply, Nu- 
| clear has been appointed exclusive 

U. S. distributor for all radiocom- 


pounds produced by the Radio- 


Purines and Pyrimidines chemical Centre, Amersham, Eng- 
Phosphorylated Adenosine Compounds 51 in 
the following classifications are 

Cozymase ° Nucleosides and Nucleotides quickly available: 


Nucleic Acids and Metallic Nucleates 


Sugar Phosphates ° Glutathione 
Naphthoresorcinol Triphenyl Tetrazolium Chloride 


* Inorganic Compounds 

« Alcohols and Derivatives 
¢ Acids and Derivatives 

Amino Acids 


Optically Standardized Amino Acids « Ring Labeled Compounds 
« Miscellaneous Compounds 
Redicactive Chemicals Carbohydrates and 
Derivatives 
For Top Quality Products at Low + Plant Pigments 
Cost specify Schwarz for all your + Plastics 
key biochemical requirements Write for the complete chemical price list. 


nuclear Instrument & 

Ps Chemical Corporation 
SCHWARZ LABORATORIES, INC. 267 West Erie Street Chicago 10, IIlinois 
230 Washington Street, Mount Vernon, N.Y. 
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; N ENCYCLOPEDIA of scientific instruments, apparatus and chemicals— 
A nearly 1500 pages of comprehensive listings—for scientific men working 
in a professional capacity. 


The Sargent Centennial Anniversary Catalog is compiled in familiar alphabet- 
ical order by most commonly used names, Subject finding words are located at 
top of each page for rapid location of items. Cross references are used through- 
out—making reference to the catalog’s elaborate index usually unnecessary. 

The Sargent permanent catalog number system is perpetuated—with numbers 
in sequence with the alphabetical listing and fully identifying each item to 
insure ease and accuracy in ordering. Completely descriptive titles in bold-face 
type distinguish alternatives and similarities between listings. 

Accurate woodcut illustrations, printed on fine coated papers, assure users 
maximum detail. 

Sargent’s periodical, “Scientific Apparatus and Methods,” supplements the 
catalog, and contains information about new developments in laboratory instru- 
ments and apparatus. Both the magazine and catalog are now being distributed. 
Please let us hear from you. 


E. H. SARGENT & COMPANY, 4647 W. FOSTER AVE., CHICAGO 30, ILLINOIS 
MICHIGAN DIVISION, 1959 EAST JEFFERSON STREET, DETROIT 7, MICHIGAN 
SOUTHWESTERN DIVISION, 5915 PEELER STREET, DALLAS 9, TEXAS 


=— <= -Attach Coupon to Your Company Letterhead, Please=——— 
E. H. SARGENT & CO. 
4647 W. Foster Avenue, Chicago 30, Ill. Aftt.: Catalog Department 


am am not now receiving your periodical, ‘Scientific 
Apporatus and Methods.”’ 


SARGENT .... 


SCIENTIFIC LABORATORY Postion or title 
INSTRUMENTS Department or divi . 


APPARATUS or institut 
CHEMICALS Mailing address is 
Town State 


Loboratory specializes in the following field or fields 


amp 


A 
\* 
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For spectral analysis concerned 
FARRAND with measurements in the ultra. 
Ultraviolet violet and visible regions, particy. 
and Visible Region larly those involving low light ley. 
MONOCHROMATORS els. The Farrand Monochromate 
— provides unparalleled performance. 
The unusual large free aperture and 
speed of the optical elements afford 
HIGH dispersion —transmission— 
resolution — spectral purity — and 
light gathering power. 


Range 200 to 950 mm 


75 mm Free Aperture f:4 Usable in combination with acces. 
sories for transmission absorption, 


emission, resonance radiation re. 
Single and double types available. flection, fluorescence, phosphores- 
Bulletin No. 801 on request cence, etc. 


FARRAND OPTICAL CO., Inc. 


SCIENTIFIC INSTRUMENTS 


BRONX BLVD. and EAST 238th STREET: NEW YORK 70, NY. 


ROCKLAND 


STOCK DIETS ARE FORMULATED AND 
AVAILABLE FOR SPECIFIC SPECIES 


They provide a source for intelli- 
gent nutrition. ROCKLAND stock 
diets contain NO antibiotic residues, 
B,, concentrates or APF material. 


Order by trade name only through 
your local dealer from the 


DIE ARCADY FARMS 
)| MILLING COMPANY 


Pron 223 West Jackson Boulevard 
ROCKLAND FAl Chicago 6, IMinois 
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arCADY 
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RATION 
“ARCADY 
ROCKLAN 
GUINEA PIG | 
| 
RAT Dier 
| R ARCADY | 
ROCKLAND 
ARCADY 
ROCcKLAND 
MONKEY 
Diet 
ROCKLAND FARMS | 
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NEW additions to our... 


Labeled 


CARBON-14 COMPOUNDS 


Tracerlab offers an exceptionally complete list of 
Carbon-!4 labeled compounds, most of which can 
be shipped from stock. 

Of interest to research workers in the biological 
field are such biologically active compounds as 
DL-glutamic acid, DlL-tyrosine, glycine, and other 
amino acids; succinic acid, pyruvamide and alloxan. 


Soon to be available are DL-histidine and DL-epineph- 


rine. 
A large stock of useful C-14 tagged intermediates 
is also available including such recent additions to 


our stock as sodium formate, urea, acetophenone 
(carbonyl labeled). 


Tracerlab is also prepared to undertake special 
synthesis work on compounds in addition to the sixty 
listed in our catalog. The services of our radio- 
analysis group are also available to outside labora- 
tories for the routine analysis of C-14, thus per- 
mitting the independent investigator to concentrate 
on the main line of his research. lonization chambers, 
flow counters or liquid scintillation techniques are 
employed depending on the nature and specific 
activity of the samples. 

Please request Catalog CB for a complete listing 
of Tracerlab's Carbon-14 compounds, instruments, 
services and other radiochemicals. 


130 BOSTON, MASS. 
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JOURNAL OF ENDOCRINOLOGY 


CONTENTS FOR PART 2 OF VOL. 8, APRIL 1952 | 


W. G. WarttLestone. The milk-ejecting activity of extracts of the posterior pituitary gland. 

F. B. Leeca and A. B. Paterson. The effects of thyroxine and thiouracil on the tuberculin reactions 
of guinea-pigs. 

Z. Z. Goptowski. The fate of eosinophils in hormonally induced eosinopenia and its significance. 

Anrra M. MANpt and S. ZuckerMAN. The growth of the oocyte and follicle in the adult rat. | 

J. M. Rosson and A. A. SHarar. Effects of some water soluble steroids on the uterus. 

F.N. Guapiatty. The effect of adrenaline on the cell content of blood and saliva of normal man. 

B. A. Cross and G. W. Harris. The role of the neurohypophysis in the milk-ejection reflex. 

A. SHARMAN. An experimental study of post-partum endometrial repair in the guinea-pig and rat. 


J. D. Biccers. The calculation of the dose-response line in quantal assays with special reference to 
oestrogen assays by the Allen-Doisy technique. 


D. F. Core. The effects of oestradiol on the skeletal muscle and liver of the rat. 


Proceedings of the Society for Endocrinology 


Subscription Rate: $12.00 per volume 


Cambridge University Press 
32 East 57th Street NEW YORK 22, N. Y. 


Flawless Operation 
Safety Proof Design 
Everlasting Dependability .. 


SERVALL 
ANGLE CENTRIFUGE 
(Superspeed) 
SERVALL ANGLE CENTRIFUGES, Type 


SS-1 and SS-1A are today recognized as 
standard laboratory equipment for both 


Max. speed 14,000 r. p. m. 


or R.C.F. 25,000 research and routine work. 
‘ Max. capacity 8 x 50cc Their —— in time . labor are already 
; legend. They can be depended upon to 
* Greater Speed—Easily Checked ! give faithful service at * aoe times when 


*Safety Self-Centering Device for Dynamical .speed and volume count the most. 


Balance 
A Free Bulletin B 101, will give the 
° i of ’ you 
—- eS complete report on the World’s Best Made 
* Separate Transformer—Added Usefulness Centrif uge 
* Anodized Rotors for Corrosion-Resist the SERVALL Superspeed! 


Ivan all, inc. 


210 Fifth Avenue, New York 10, N.Y. 


, 
| 
| 
| 
| 
| | 
| 
| 


= 


~ ~ 
es SSS SER 


é 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


19 


RESEARCH BIOCHEMICALS 


BIOLOGICAL and MICROBIOLOGICAL 
INVESTIGATIONS 


AMINO ACIDS 


A complete selection of more than 70 
amino acids of maximum purity for use 
in all nutritional investigations. 


“VITAMIN FREE” CASEIN 
HYDROLYSATE 


Pre-tested for microbiological vitamin 
assays. High maximum acid produc- 
tion. Low ‘“‘blanks’’. 


NUCLEOPROTEINS—PURINES 
PYRIMIDINES 


Adenosine Triphosphate e Adenine Sul- 
fate e Adenine « Adenylic Acid « Aden- 
osine e Ammonium Uridylate e Cytidine 
Acid e Guanylic Acid ¢ Guanine e Gua- 
nosine e Nucleates « Ribose Nucleic 
Acid e Thymine e Uracil e Uridylic 
Acid e Uramil e Xanthine e Xanthosine 


“VITAMIN FREE”? CASEIN 


(Hot alcohol Extracted) 

Treated to remove fat and water-solu- 
ble vitamins. A valuable source of pro- 
tein nitrogen of exceptional purity for 
incorporation into diets to produce 
vitamin deficiencies. 


MISCELLANEOUS 
BIOCHEMICALS 


Alpha Keto Glutaric Acid ¢ Bilirubin ¢ 
e Cozymase Cytochrome C 
e Dopa e Glutamine e Glutathione e 
Glycogen e Heparin e Hypoxanthine « 
Protamine Sulfate « Ribose « Sodium 
Glycerolphosphate 


Mad 


WRITE FOR 
NEW 
CATALOGUE 
B 300 


MAY 1952 


NEW ITEMS 
Additions—Revisions 
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Combines fundamental biochemistry and clinical applications 


BIOCHEMISTRY & 
HUMAN METABOLISM 


By BURNHAM S. WALKER, M.D., Ph.D., Professor of Biochemistry, Boston University 
School of Medicine; WILLIAM C. BOYD, Ph.D., Professor of Immunochemistry, Boston 
University School of Medicine; and ISAAC ASIMOV, Ph.D., Instructor in Biochemistry, 
Boston University School of Medicine 


With a foreword by John T. Edsall, M.D., Associate Professor of Biological Chemistry, Harvard 
Medical School 


Classical order of topics altered so that proteins are taken up first 


Chemistry of carbohydrates and lipids taken up as an introduction to tis- 
sue chemistry 
Emphasis throughout on human biochemistry 


Stresses current uncertainties in biochemical theory 


Structure: proteins; amino acids; tis- metabolism and ketosis; proteins 
sue chemistry; blood and the ane- and starvation; electrolytes and 
mias water; edema and shock; respira- 

Contents tion and acidosis; heat and work; 

excretion 

Growth: nucleoproteins; cancer; re- Pathology: vitamins; infection 
and Appendices: colloids and colloid phe- 

Metabolism: food and diet; digestion; nomena; isotopes; principles of 
carbohydrates and diabetes; lipid thermodynamics; acids and bases 


Hundreds of formulas, clearly labelled and numbered and fully explained 
in the text 


820 pp. 21 figs. $9.00 


THE WILLIAMS & WILKINS COMPANY 
Mt. Royal and Guilford Aves. Baltimore 2, Maryland 
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here’s help tor you... 


S tireless servant in your laboratory will automatically 
collect any number (up to 200) of rigidly controlled samples 
of predetermined filvid volumes. Each collected sample may 
comprise any number of drops from one to four hundred. As 
each separate sampling is completed, the carriage automat- 
ically advances to repeat identical collections 
until the whole fractionation has been made. 

All you have to do is to set it up for the conditions of the 
chosen experiment, short or long, and then leave it alone. 
The machine will plod along without attention hour after hour, 
all day (and night) long. When the job's done, it will shut 
itself off. 


The Technicon Fraction Collector has been thoroughly 
tested in actual laboratory installations, where it has proven 
invaluable to busy research staffs. We shall be happy to send 
you details. 


Ref. Chromatography of Amino Acids on Storch Columns— 
W. H. Stein and S. Moore, Jeni. Biol. Chem. 176, 337,(1948) 


stoff of the fretful and time- 


saves time end labor 
relieves laboratory 


consuming chore of fraction-cutting: releases workers 
for other duties. 


' triples work output 
you can run it -four hours a day, continuously, 
to triple fractionation output as compared with an 8 
laboratory day 


hour 


4 gives greater resolution 
collecting @ large number 
rather than a few gross ones, you'll get more dato 

from a given fractionation, e.g. o chromatogram, or 

fractional distillation. 


assures 
because the pos of human error is automati- 
cally ruled out. Now fraction-collection becomes a 


of smoll fractions, 


ICON 
149th Street, 
New York 51, N. Y. 
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Kimble EXAX RETESTED Flask, No. 28015; 


Cylinder No. 20030; Burette No. 17030. Y 


LEADERSHIP 1s our tradition 


Tue First scientific glassware blown by a 
Kimble master craftsman began the tradi- 
tion of accuracy, durability and superb 
workmanship expected today in every 
product bearing the Kimble name. For 
Kimble was founded to give America the 
finest scientific glassware in the world. 
Leadership in quality has, as so often 
happens in American industry, fathered 
leadership in quantity. Kimble’s volume of 


scientific glassware today perfectly illus- 


trates the well-known old saying . . . to 
get more, give more. 4 
If you have a hand in the equipment of G 


‘any laboratory from that of a small school | 


to a highly technical organization engaged 
in the most exacting nuclear research, in- 7 
sist on Kimble precision glassware of the § 
accuracy that the work requires. 4 

You will find that because leadership is G 
our tradition, maintaining leadership is 4 
our business. | 


KIMBLE GLASS COMPANY 


Subsidiary of Owens-Illinois Glass Company 


Toledo 1, Ohio 
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and Roprrr F. The arginine nit dibydrolase system of 
I. Identification of citrulline as an intermediate.......... 
VELYN and Ropert F. The arginine dihydrolase system of 


Ee rties of arginine degimidase..................... 
Beat, Armin C. Isolation and determination of 
ioture of amino acid contained within the toxin of Pseudomonas 807 
M., V., Rorascuitp, H. A:, Camara, S A., and JUNQUEIRA, 
C.U. Nucleic acid phosphorus of mouse pancreas after pilocarpine administra- 

er, T. M., , Wane, R. I. H., and Bain, J. A. Intracellular distribution of Pas 
ee idine nucleotide -cytochrome c reductase and cytochrome c oxidase in mammalian 


Davin, and Kumin, Seitma. The mechanism of porphyrin formation. The 
Pformation of a succinyl intermediate from succinate. 827 
x, Mivron, Mituer, Leon L., and Bare, Wititiam F. Carbon atom 2 of L- 
“histidine-2- 0-2-0 a source of the carbon of labile groupe in liver.......... 839 
jy Synthesis of enantiomeric hatidic acids...................... 853 
ia mama, Davip K., and GALLAGHER sotopic distribution in cholesterol 
mma, Davin K., and Gattacuer, T. F. Studies on the platinum-catalyzed ex- 
change of n isotopes with steroids. 871 
N, E., an Lampen, J. 0. Products of desoxyribose degradation by Esche- 
, and I. L. Chalesterol synthesis from acetate in the diabetic liver... 895 
Be: 2 d Manier, H.R. The enzymatic condensation of pyruvate and f 


CHARLES, Bacon F., Connon, GeorGE P d RicHarp 
72 8. Oral versus teral administration of Co®-labeled vitamin B" to tats...... 915 


ie Journal of Biological Chemistry, founded in 1905, is designed for the prompt | 
ation of original investigations of a chemical nature in the biological sci- 


ay should be addressed to The Editor, The Journal of Biological 
isiry, Sterling Tower, Yale University, New Haven, Connecticut. 

BUBSCRIPTIONS. Six volumes are issued per year. The subscription price, pay- 
pin advance, is $6.00 per volume, $36.00 per year, to subscribers in the United 
mes, Canada, and the postal union; $6.25 per volume, $37.50 per year, to those 
% had iecahtion. The price of single copies will be $3.00. Remittances should 
pmade by draft or check, or by postal money order, payable to The American 
. set of Biological Chemists, Inc., Mount Royal and Guilford Avenues, Baltimore 
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ibition of decarbo ine. 
Woxr, and Ocnoa, Szvzro. Phosphorylati 


tion of pyridine nucleotides by chloroplast preparations 
, KRISHNARAU R. M., Kin 
Jesse P. Ensymatic susceptibility of co 


Wat, Monson Rorsaman, Epwarp &., and Eppy, C. Rowanp, 
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